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Summary 
 
Grasslands cover a third of the Earth’s surface, and have great economic and ecological 
importance. The finding of multiple independent origins of C4 photosynthesis in grasses 
has motivated an integration of phylogeny, biogeography, ecology and physiology. 
Phylogenetic niche conservatism (PNC) is the tendency of closely related species to 
share similarities in ecological niches, morphological and physiological traits over time. 
Contrasting relationships between the biogeographical patterns of different grass 
lineages and rainfall gradients provided early evidence of PNC, but these were 
confounded with photosynthetic type. Therefore this thesis compared phylogeny and 
photosynthetic type as explanations of grass ecology, and tested how PNC changes at 
different spatial scales by investigating habitat water and morphological and 
physiological traits. Globally, divergence of the two largest C4 grass subfamilies was 
responsible for phylogenetic signals in both morphological and habitat traits, indicating 
PNC. Regionally, the Inner Mongolian steppe provided strong climatic gradients to 
study how environmental filtering and niche partitioning affected community assembly. 
PNC was supported in this species assembly in both morphological and habitat traits, 
but was weaker at the habitat scale. A field study along habitat gradients found that 
niche partitioning existed both among and within communities and the wide niche 
breadth of most species weakened phylogenetic signals. Morphologically, some traits 
were more conservative than others, especially stomatal traits. Ecophysiological traits 
were neither phylogenetically nor habitat dependent. Greenhouse comparison of C4 
grasses testified that phylogeny interacted with both C4 subtype and habitat type. 
Morphologically, only stomatal traits showed phylogenetic signals. Ecophysiologically, 
leaf hydraulics showed overall associations with leaf structure, and NAD-me species in 
Chloridoideae had drought tolerant leaf water release characteristics. In conclusion, it is 
inappropriate to consider all C4 grasses as a single functional type at the global and 
regional scales since phylogeny explains distribution, morphological and habitat traits. 
At the community and habitat levels, PNC becomes weaker when phylogeny interacts 
with both photosynthetic type and environmental factor.  
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Chapter 1 General introduction 
 
Grasses are classically grouped into C3 and C4 functional types, and previous studies on 
C4 grasses have shown contrasting biogeographical patterns with rainfall gradients for 
different C4 subtypes. However, these patterns are confounded by different grass 
lineages, so the first question addressed by this thesis is whether phylogeny or 
photosynthetic type better explains interspecific variation in the ecology of C4 grasses. 
The thesis progresses by investigating the roles of phylogeny in regional sorting, 
community assembly and ecophysiology. This chapter therefore also introduces a 
fundamental theory, phylogenetic niche conservatism (PNC), and the second question 
of the thesis, does PNC exist at multiple spatial and phylogenetic scales?  
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1.1 The importance of grasses 
Grasslands cover 31~43% of the Earth’s surface, with a total area of 41~56× 10 6 km2, 
including savannas in tropical and subtropical areas, and prairie, steppes and pampas in 
temperate zones (White et al., 2000). As the main component of grasslands, Poaceae is 
one of the largest, most diverse and complex families in the higher plant world having 
around 10, 000 species, 46% of which uses the C 4 photosynthetic pathway (Sage et al., 
1999). At the global scale, C4 grasses dominate tropical grasslands while C3 grasses 
occupy temperate grasslands, indicating climate is a major factor influencing the natural 
distributions of C3 and C4 grasses (Figure 1.1). 
 
Figure 1.1 Global distribution of grasslands, savannas, and woodlands dominated by 
either C4 (orange) or C3 (yellow) grasses. It also includes forests (light green), cropland 
(red) and shrubs, desert, bare ground, and ice (beige/brown). Adapted from Edwards et 
al. (2010). 
 
Grasslands provide not only ecological functions such as carbon storage, nutrient 
cycling, prevention of soil loss, maintenance of soil fertility and biodiversity, but also 
economic value like grain crop products, forage and livestock support and ecotourism 
(Gibson, 2008), and contribute ~23% of global terres trial gross primary production 
(Still et al., 2003). However, nowadays grasslands are shrinking quickly and their 
quality is degrading, due to factors like farmland expansion, urbanization, overgrazing 
and desertification. In addition, grasslands are also impacted to a great extent by global 
warming and uneven rainfall caused by climate change, especially by more severe 
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drought events. Therefore, studies on global change impacts on grasslands are important 
for sustainable management and biodiversity conservation. 
Besides wild grasses in natural grasslands, humans also rely strongly on Poaceae 
crops for food supply and feeding livestock, from subsistence cultivation to modern 
agriculture. There are important C3 crops such as wheat (Triticum spp.), rice (Oryza 
spp.), oat (Avena sativa) and barley (Hordeum vulgare), as well as C4 crops such as 
maize (Zea mays), sorghum (Sorghum bicolor) and millets (several species). Due to 
their high CO2 assimilation rate at high temperatures, C4 crops have higher yields and 
are better adapted than C3 crops to hot and dry areas. In many tropical areas, the food 
supply largely depends on C4 crops, for example, three main C4 crops (maize, sorghum 
and millet) account for 34% of the total area of cereals and 23% of the total yield of 
cereals worldwide, mainly in Africa, North and South America (FAO, 2008). 
Furthermore, the new biofuel industry also based largely on sugarcane, maize and other 
C4 grasses like switchgrass (Panicum virgatum) and Miscanthus spp., which has 
inspired more research on C4 grasses. 
 
1.2 The C4 photosynthesis in grasses 
The three main types of photosynthetic pathway are C3, C4 and Crassulacean acid 
metabolism (CAM), each depending on different modes of carboxylation. For C3 
species, CO2 is fixed only via the Calvin-Benson cycle (a three-carbon acid cycle, C3) in 
the mesophyll cells (MC). For C4 species, CO2 is firstly fixed via a four-carbon acid 
cycle (C4) in the MC, and then is transported into the bundle sheath cells (BSC), where 
C4 acid decarboxylation and the Calvin-Benson cycle occur (Figure 1.2). CAM species 
use the C3 pathway during daytime and fix CO2 by a C4 pathway at night. In Poaceae, 
there is almost an equal split between C3 and C4 species, with very rare C3-C4 
intermediates and no CAM species. Therefore only C3 and C4 pathways are compared 
(Figure 1.2).  
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Figure 1.2 Simplified physiological processes for C 3  and C 4  plants. Mesophyll cells 
(MC); Chloroplast (Chl); Phosphoenolpyruvate  (PEP); Bundle sheath  cells (BSC). The 
star indicates enzymes which cat alyze the decarboxylation of C 4  acids, with different 
enzymes correspond to different C 4  subtypes in Table 1.1. 
 
C 4  photosynthesis has a CO 2 concentrating mechanism that leads to a higher 
photosynthetic rate than its C 3  counterpart, especially under high temperature and/or 
low CO 2 condition. The reason is that the acceptor molecule in the Calvin-Benson cycle, 
ribulose-1,5-bisphosphate (RuBP), needs to be carboxylated to drive the cycle. However, 
the carboxylase of RuBP is more likely to react with O 2 rather than CO 2 as temperature 
increases and/or CO 2 decreases. A process called photor espiration is then required to 
regenerate the acceptor molecule, which liberates CO 2 and costs energy. Therefore, for 
C 3  plants, photorespiration reduces the photosynthetic quantum efficiency, while for C 4  
plants, photorespiration is avoided by concentrating CO 2 into BSC.  
The C 4  pathway can be further classified into three physiological subtypes, according 
to the enzymes that decarboxylate the C 4  acids moving from MC to BSC (Hatch  et al., 
1975), namely the NADP-malic enzyme (NADP-me), NAD-malic enzyme (NAD-me) 
and phosphoenolpyruvate carboxykinase (PCK) subtypes. CO 2 firstly reacts with 
phosphoenolpyruvate (PEP) and produces oxaloacetic acid (OAA, a C 4 acid) in the MC. 
After transformation from OAA, either ma late (NADP-me) or aspartate (NAD-me and 
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PCK) is transported into the BSC, where they are decarboxylated by different enzymes. 
Then different C3 acids are returned to the MC to finish the C4 pathway (Table 1.1).  
 
Table 1.1 Main differences among the three C4 photosynthetic subtypes. Adapted from 
Hattersley (1992) and Lambers et al. (1998). 
 NADP-me NAD-me PCK 
Major decarboxylase 
in BSC 
NADP-malic  
enzyme 
NAD-malic  
enzyme 
PEP  
carboxykinase 
Decarboxylation 
location 
chloroplasts mitochondria cytosols 
Major substrate moving from 
MC to BSC malate aspartate aspartate 
BSC to MC pyruvate alanine PEP 
Leaf δ13C value -11.35±0.13‰ -12.70±0.21‰ -11.95±0.19‰ 
Examples maize, sorghum Panicum miliaceum Zoysia japonica 
 
Technically, there are three methods to differentiate the three C4 subtypes: 
1) The anatomical method is classical and relatively simple. It is firstly used for 
distinguishing C3 or C4 photosynthesis based on the presence or absence of the kranz 
syndrome (Brown & Hattersley, 19 89). According to the arrangement of chloroplasts in 
the BSC, the presence (or absence) of a suberized lamella, the developmental origin and 
number of BSC layers, different C4 subtypes can also be classified (Vogel et al., 1978; 
Hattersley, 1992). However, anatomical structure alone might lead to mistyping in 
Poaceae; e.g. the NAD-me subtype as “cl assical” PCK subtype (Hattersley, 1992). 
2) Biochemical typing, via enzyme extraction and analysis, is more accurate for 
determining the C4 subtypes. Although it demands a lot of laboratory work, this method 
is more direct because the three C4 subtypes are defined on the basis of biochemistry. 
However, recent research has reported that the C4 pathway is flexible and that the three 
C4 subtypes may not be genetically determined, but also controlled by developmental 
and environmental conditions (Furbank, 2011). 
3) Carbon isotope ratios are measured via mass spectrometer from plant samples. This 
is firstly used for the differentiation of C3 and C4 plants, since C3 plants always have 
stronger discrimination and much lower values of δ13C (-22.0 to -37.0 ‰) than those of 
C4 plants (-9.0 to -15.0 ‰) (Farquhar et al., 1982). Meanwhile the values of leaf δ13C 
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decrease in the order NADP-me, PCK and NAD-me (Hattersley, 1992), which may be 
used for C4 subtype differentiation (Table 1.1). 
 
1.3 The phylogeny of grasses 
Since the first report of the C4 pathway in sugarcane (Saccharum spp.) leaves in the 
1960s (Kortschack et al., 1965), at least 18 taxonomic families, including around 8,000 
species, have been identified as C4 plants using anatomical surveys and isotope 
techniques (Sage, 2004). Besides c. 4600 grass species in Poaceae, there are also c. 
1330 sedge species (Cyperaceae) and c. 1600 species in eudicotyledon families. Within 
Poaceae, C3 and C4 grasses coexist in four out of the ten main subfamilies, indicating 
that C4 photosynthesis in different subfamilies may evolve independently. Therefore, C4 
grasses are a good system for exploring the origins and reversals of C4 photosynthesis 
(Monson, 1999; Barker et al., 2001, Christin et al., 2010; Grass Phylogeny Working 
Group II, 2011), as well as the origins of C4 grasslands with ongoing improvements in 
grass phylogeny (Edwards et al., 2010). 
The general evolutionary history of C4 photosynthesis in the family Poaceae is fairly 
clear at present. C4 photosynthesis has evolved from C3 plants to raise the 
photosynthetic efficiency in hot, often dry or nutrient-poor areas such as the tropics and 
subtropics, during the latest geological interval of low CO2 concentration. Studies on 
phytolith assemblages and molecular sequence data have confirmed that the C4 pathway 
arose in grasses around 32 million years ago (Ma), following a decline in the 
atmospheric CO2 level (Christin et al., 2008; Vicentini et al., 2008). Subsequently, C4 
grasses began to displace tropical and subtropical forests in the late Miocene and early 
Pliocene (4~8 Ma), and began to dominate ecosystems, which is explained by 
hypothetical mechanisms including fire and seasonality change (Osborne, 2008). 
Ancestral character reconstructions show that the C4 pathway has 22~24 independent 
origins during this period of geological history (Grass Phylogeny Working Group II, 
2011), and may have reverted back to the C3 type in a subspecies of Alloteropsis 
semialata (Ibrahim et al., 2009).  
Phylogenetic trees are used to elucidate the evolutionary relationships among species, 
based on DNA sequences and probability calculations (Figure 1.3). The first systematic 
concept of Poaceae based on chloroplast DNA was advanced by Hilu (1985). After that 
numerous studies on phylogenetics for different clades in Poaceae (Bulinskaradomska 
& Lester, 1986; Doebley  et al., 1992; Catalan et al., 1997) were carried out, until the 
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three C4 subtypes, such as Panicoideae. Metabolic diversity is especially high for 
Panicoideae, where up to 19 independent origins of C4 photosynthesis may have 
occurred (Grass Phylogeny Working Group II, 2011).  
 
1.4 The biogeography of grasses 
1.4.1 Distribution of C4 grasses with environmental factors and phylogeny 
Even before the discovery of C4 photosynthesis, the origin and distribution of major 
groups of grasses were widely discussed (Hartley, 1950; 1958ab), finding that different 
subfamilies in Poaceae always exist in specific climate zones. For example, Pooideae 
(entirely C3 species) is distributed only in temperate or alpine climate regions (Hartley, 
1961, 1973), while Panicoideae (mostly C4 species) and Chloridoideae (entirely C4, 
mainly NAD-me species) are mainly distributed in Australia and Africa. The latter is 
also distributed into temperate latitude areas and drought prone regions (Hartley & 
Slater, 1960). Within any given region, Chloridoideae always exists in drier areas and 
Andropogoneae (a lineage in Panicoideae, mainly NADP-me species) is in wetter 
habitats (Hartley, 1958a; Cross, 1980). 
Later studies on grass biogeography shifted focus onto photosynthetic types directly, 
and then from C3/C4 to C4 subtype (Figure 1.4). Based on the CO2 concentrating 
mechanism that enables the C4 pathway to decrease photorespiration and maintain a 
high photosynthetic rate under high temperature and light (Ehleringer, 1978), classic 
patterns emerged that C4 plants exist in warmer and lower CO2 conditions than C3 ones 
(Hattersley, 1983; Ehleringer & Monson,  1993; Ehleringer et al., 1997), underlying the 
distinctive C3/C4 grass distribution maps (Figure 1.1). Most obviously, the percentage of 
C4 grasses in the flora depends on latitude. In the tropics and subtropics, the occurrence 
of C4 grasses is very high (> 60%), with some  savannas in low latitudes even having 
more than 90% C 4 grasses, and it is only in tropical forest regions where the percentage 
of C4 grasses will decrease to 45~ 70%. Above 25º latitude, C 4 grass species occurrence 
declines generally with increasing latitude until a distribution boundary of latitude 60º, 
above which C4 grasses can rarely be found (Sage et al., 1999). This C4 grass 
percentage-latitude relationship confirms again that C4 photosynthesis adapted to high 
temperature environments. 
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Figure 1.4 A three-axis, triangular presentation of the different gradients influencing the 
abundances of different C3 and C4 photosynthetic subtypes. Courtesy of Ehleringer, 
Cerling and Dearing (2005).  
 
Within C4 grasses, the distribution patterns of C4 subtypes with rainfall gradients 
were firstly described by Vogel et al. (1978; 1986) for the Sinai, Negev and Judean 
deserts and by Ellis (1980) for Namibia. For NADP-me species, the proportion in the 
grass flora is positively related with annual rainfall, while it has a negative relationship 
for NAD-me species, and shows no clear relationship for PCK species. These patterns 
were verified by Hattersley (1992) for C4 grasses in Australia, with the difference that 
PCK subtype grasses had a positive correlation with rainfall. Recently, Taub (2000) for 
North America and Cabido et al. (2008) for Argentina all reported similar patterns 
(Figure 1.5). This general pattern across five continents seems to verify C4 subtype as a 
key predictor for the distribution of C4 grasses. 
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Figure 1.5 The relationships between proportions of C4 subtypes and mean annual 
precipitation. Redrawn from (a) Hattersley (1992); (b) Taub (2000); (c) Visser (2010) 
and (d) Cabido et al. (2008). NADP-me (black) and NAD-me (white) species are 
compared.  
 
However, it was soon realized that photosynthetic types were largely confounded 
with grass subfamilies (Hattersley, 1992), and partial correlation analysis on the 
biogeographical patterns of C4 grasses in North America found stronger predictive 
effects from subfamily than C4 subtype (Taub, 2000; Figure 1.6c). Recent phylogenetic 
analyses at a global scale confirmed the generality of these patterns, showing that 
several major grass clades inhabit distinctively different climatic regions (Cabido et al., 
2008; Edwards & Smith, 2010). Therefore whet her evolutionary history (phylogenetic 
clade) or photosynthetic type is more important in determining geographic distribution 
of C4 grasses needs to be clarified (Osborne, 2008). Considering the same subfamily in 
Poaceae may include different photosynthetic types, and vice versa, this interaction of 
the two factors (phylogeny and photosynthetic type) is challenging to resolve. Therefore 
different subfamilies of C4 grasses within the same photosynthetic subtype (e.g. NADP-
me) is one way to resolve the controversy. 
From biogeographical data of C4 grasses in South Africa, different subfamilies with 
the same physiological type were tested separately, showing similar rainfall response 
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patterns (Visser, 2010). For the NADP-me subtype, species proportions of 
Andropogoneae (a lineage in Panicoideae) had a strong positive correlation with mean 
annual precipitation (MAP), that of Aristideae (in Aristidoideae) had a negative 
relationship with MAP and Paniceae (in Panicoideae) was insensitive to MAP gradients 
(Figure 1.6a). For the NAD-me subtype, species proportions of Chloridoideae decreased 
but that of Paniceae (in Panicoideae, only NAD-me species) was insensitive to variation 
in MAP (Figure 1.6b). These results agreed with the conclusions from Taub (2000) 
(Figure 1.6c), but further emphasized the contribution from particular subfamilies or 
tribes, at least in the case of the NADP-me subtype. However, the regional focus of this 
evidence is far from sufficient to conclude that the phylogeny is generally more 
important than physiology in explaining the geographical distribution of C4 grasses. 
 
Figure 1.6 The relationships between subfamilies of C4 grasses and mean annual 
precipitation. (a) All NADP-me grasses and (b) all NAD-me grasses, redrawn from 
Visser (2010); (c) all C4 grasses, redrawn from Taub (2000). 
  
 
1.4.2 Distribution of C4 grasses with other factors 
The distribution patterns of C4 grasses have inspired studies on photosynthetic type and 
phylogeny, but a number of ecological mechanisms may also sort species along rainfall 
gradients.  
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Firstly, the habitat preference of C4 grasses should be considered. Although C4 
grasses are prevalent in dry habitats, they also occupy many ecological niches like 
mesic, shaded and flooded areas (Sage et al., 1999), so water availability cannot be the 
sole predictor of distribution for C3/C4 and C4 subtypes grasses. For example, 
photosynthetic pathway was not the source of competitive advantages for C4 grasses in 
more arid habitats in Hawaii; instead, the evolutionary origin from warm-climate clades 
determined their distribution (Edwards & Still, 2008). Moreover, phylogenetic 
comparative tests on ecological niche in grasses showed that habitat water availability 
for each genus depended strongly upon phylogeny, but this work was at genus level and 
fell short of contrasting habitat occupancy among major grass clades (Osborne & 
Freckleton, 2009). These results emphasized the potential linkage between phylogeny 
and water availability at the habitat scale. 
Secondly, the seasonality of rainfall could play a role in the distribution of C4 grasses 
(Knapp & Medina, 1999), especially in areas  with a cold dry spring season and a hot 
wet summer season. A global vegetation model predicted C3/C4 grass distribution very 
well based on the seasonal timing of water availability (Winslow et al., 2003). Another 
study on C4 grasses abundance in Australia also reported that seasonal water availability 
was better than other climatic factors like mean annual temperature (Murphy & 
Bowman, 2007).  
Another factor is the aboveground net primary production (NPP). NPP increases 
along annual rainfall gradients in African savannas (Breman & de Wit, 1983), North 
American prairies (Lauenroth & Sala , 1992; Knapp & Smith, 2001) and Mongolian 
steppes (Bai et al., 2008). In these ecosystems, high productivity is mainly associated 
with tall plants, large leaves and fast turnover of plant tissues (Poorter & De Jong, 1999). 
These observations offer the possibility that plant biomass or size plays critical role in 
the ecological sorting of C4 grasses, because competitive interactions strengthen with 
increasing rainfall (Grime, 1977). Woody plant cover also increases with MAP in the 
tropical and sub-tropical regions occupied by C4 grasses (Sankaran et al., 2005; 2008), 
creating shady and nutrient-rich zones which, through changes in tree-grass competition 
and coexistence, also influences productivity (Belsky, 1994). 
Finally, there are more abiotic and biotic factors that influence C4 grass distribution. 
Temperature- or precipitation-related factors like altitude and tree cover are all strongly 
correlated. Human agricultural practices and herbivores depend on vegetation 
productivity and thus link to precipitation; animal selection on grass species will also 
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affect grassland plant diversity such as the C3/C4 taxa ratio (Wilson & Hattersley, 1989; 
Olff & Ritchie, 1998). Fire frequency and so il nitrogen availability also have strong 
correlations with precipitation and play important roles in grassland structure and 
dynamics (Blair, 1997). Recent models including multiple environmental variables 
provide solid evidence that precipitation, as well as temperature, fire frequency and 
grazing pressure all affect species richness for different C4 grass lineages in South 
Africa (Visser et al., 2011). Other work has shown that community composition and 
structure in tallgrass prairie are influenced strongly by fire and grazing events (Collins 
& Calabrese, 2011). 
 
1.5 Phylogenetic niche conservatism (PNC) 
Phylogenetic niche conservatism (PNC) is the tendency of closely related species to 
share broadly similar niches to their ancestors and, at the same time, similarities in their 
morphology, physiology and life history (Wiens & Graham, 2005). The hypothesis that 
species tend to retain ancestral ecological characteristics has been supported at scales 
ranging from the community and region (Silvertown et al., 2006a; Losos, 2008) to the 
globe (Crisp et al., 2009; Vamosi et al., 2009). However, while clearly important for 
understanding the functional interactions of species with the environment, PNC has 
been little explored in the context of global change biology (Cooper et al., 2011). In this 
field, generalizations about species are usually made within functional rather than 
phylogenetic groupings (Edwards et al., 2007). 
The term PNC was previously been confused for “an absence of  differentiation in 
niches/traits between closely related species” but,  in a statistical sense and this thesis, it 
is used to describe the degree to which closely related species match the expectation 
from some model of niche/ trait evolution (usually Brownian motion). Therefore niches 
or traits of sister species can be divergent but still similar enough to produce a PNC 
pattern. To clarify the two concepts, Swenson (2011) suggested the term “phylogenetic 
niche similarity” instead of PNC, but I reta in using PNC in this thesis with a clear 
definition as “the degree to which closely related species match the expectation of a 
Brownian model of niche/trait evolution”. 
On the one hand, PNC suggests that closely related species should be ecologically 
similar, limiting the divergence within lineages (Donoghue, 2008). On the other hand, 
evolutionary convergence shows that different species in similar environments may 
develop general traits such as C4 photosynthesis, although with different anatomies and 
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biochemical types, which are the outcome of independent evolutionary trajectories 
(Christin et al., 2010). Reasons for the interaction between the evolutionary lineages 
and photosynthetic types remain an open question, even though different phylogenetic 
comparative methods have gained considerable progresses in testing niche conservatism 
(Cooper et al., 2010). 
 
1.5.1 Mechanisms and models of PNC 
Different C3/C4 grass lineages clearly occupy contrasting ecological niches (Figure 1.4), 
but the reasons for this are still unclear. Ecological niches can be viewed from two 
perspectives: the Grinnellian niche depicts the physiological constraints on species, and 
is defined by climate or habitat variables across the geographical range (Grinnell, 1917). 
In contrast, the Eltonian niche reflects species interactions and is always represented by 
morphological traits, which are proxies for the ability of species to compete for 
resources (Elton, 1946; Soberón, 2007). A cr ucial unanswered question about the 
Grinnellian niche of C4 grasses is whether geographical distributions are driven directly 
by water availability per se, or via a correlated biotic environmental factor such as NPP 
and tree cover. There is only limited knowledge of how the Eltonian niche differs 
among lineages, but the increased productivity of grasslands along annual rainfall 
gradients suggests its importance. Since higher productivity is associated with taller 
plants, larger leaves and faster turnover of plant tissues (Poorter & De Jong, 1999), 
these traits are expected to play critical roles in differentiating the Eltonian niche of C4 
grass species.  
A phylogenetic signal of one trait measures the degree to which this trait correlates 
with phylogeny. However, although it is a simple approach to understand PNC, the 
degree of phylogenetic signal does not equate directly with an underlying model of 
evolution (Losos, 1999; Revell et al., 2008). Actually, various conceptual models have 
been built to understand PNC, all of which produce different outcomes (Cooper et al., 
2010). There are three main contrasting examples: the first hypothesize s that PNC arises 
because species inherit their niches from ancestors, but then slowly diverge as they 
move into new habitats, which would yield a Brownian model of trait evolution (Harvey 
& Pagel, 1990). The second possi bility is that the niche of a group of species is 
constrained, so that stabilizing selection prevents species moving too far from the 
optimal niche (Donoghue, 2008). This would lead to an Ornstein-Uhlenbeck model of 
trait evolution, in which phylogenetic dependence is weaker than expected by a 
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Brownian model. The third possibility is that species inherit niches from their ancestors 
and, due to niche-filling, ancestors and descendants retain increasing amounts of 
similarity as evolution proceeds (Price, 1997). This predicts that phylogenetic 
dependence is stronger than predicted by the Brownian model.  
Therefore it is important to be careful in interpreting phylogenetic comparative data 
with an aim of understanding niche conservatism, as PNC can be equated with several 
evolutionary models (Cooper et al., 2010). Throughout this thesis, the degree of 
phylogenetic dependence in a suite of morphological traits and habitat preference were 
measured. The main objective in doing so is to measure the degree to which key traits 
are conserved within phylogenetic lineages, or whether they vary more independently 
than predicted by phylogeny. Thus, strong phylogenetic dependence has been 
interpreted as evidence of strong conservatism. 
 
1.5.2 From biogeography to community and habitat 
At the global and regional scales, many previous studies have already emphasized the 
importance of phylogeny in biogeography and community assembly (Losos, 2008; 
Crisp et al., 2009). For example, global distributions of C4 grasses were highly related 
with evolutionary lineages (Edwards & Smith, 2010), and spa tial distributions of wood 
traits of trees across China showed strong phylogenetic conservatism and were affected 
by MAP as a key environmental factor (Zhang  et al., 2011). However, convergence of 
leaf nitrogen content and specific leaf area from global to regional assemblies occur 
twice as strongly as that from regional to community assemblies, with 35% and 50% 
trait variance from “between biomes” and “within communities” respectively, indicating 
the need for extending research to these scales (Freschet et al., 2011). 
At the community level, although niche partitioning (interaction of phylogeny and 
ecological factors), niche conservatism (Webb, 2000; Wiens & Graham, 2005) and 
niche evolution (Ackerly et al., 2006; Silvertown et al., 2006a) have all been widely 
studied, no consistent conclusions have been drawn. On the one hand, phylogenetic 
clustering may happen if environment filters on shared physiological tolerances (trait 
conservatism); on the other hand, phylogenetic overdispersion may also happen if 
environment filters on ecologically important convergent traits, or if there is 
competition among species with conserved traits (Webb et al., 2002). As a result, 
different patterns have been reported by community ecology studies, supporting 
phylogenetic conservatism for higher plants in central Europe (Prinzing, 2001) or the 
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absence of phylogenetic signals in Floridian oak communities (Cavender-Bares et al., 
2004), two English meadows (Silvertown et al., 2006b) and in roadside plant 
communities (Valladares et al., 2008). Later, the scale-dependence has been emphasized, 
i.e. niche partitioning may be significant at the genus level but not the species level 
(Queenborough et al., 2009). Therefore, a hierarchical organization of plant 
phylogenetic diversity has been used to reconcile niche partitioning and evolutionary 
conservatism (Silvertown et al., 2006a). The idea is that traits within a community (α 
niche) are labile and do not show correlations with phylogeny, while traits among 
habitats (β niche) and across regional gradients (γ niche) will be more evolutionarily 
conservative (Figure 1.7). In adaptive radiations, the divergence of niche within a 
community (α niche) might occur earlier than that of macrohabitat affinity or climatic 
tolerances (β niche) (Ackerly et al., 2006). 
 
Figure 1.7 A diagram showing the nested hierarchy of α, β and γ niches upon a 
hypothetical phylogenetic tree. The rectangles representing different niches intersecting 
the phylogenetic tree at deeper levels from α, β to γ niches, indicating progressively 
earlier origin and greater conservatism. This figure is from Silvertown et al. (2006a). 
 
At the habitat scale (α niche in Figure 1.7), phylogeny still affects plant interactions 
and community assembly. PNC was found for germination and early survival niches of 
species in five families across four habitats native to the Bodega Bay Marine Reserve 
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(Burns & Strauss, 2011). This was consistent with the test of plant facilitation structure 
in Mexico where species interacted proportionally to both their phylogenetic distance 
and abundances (Verdú & Valiente-Banuet, 2011). As a result, the hierarchies from 
both the spatial and phylogenetic scales are all important in testing the degree of PNC.  
 
1.6 The ecophysiology of C4 grasses 
From the perspective of plant physiology, how C4 grasses respond to environmental 
factors is fundamental for their biogeography. Firstly among such a large number of 
grass species, identifying general patterns of physiological responses to environment 
can avoid exhaustive experiments. Secondly a mechanistic understanding is essential to 
anticipate how the functioning of plant communities and ecosystems will vary with 
global environmental changes. 
Although temperature, CO2 level and nutrients are all important factors, this thesis 
will highlight the response of grasses to water stress, since precipitation is one of the 
most important factors that determines the global distribution and biodiversity of this 
plant group (Gibson, 2008). With more drought events under climate change, potential 
evapotranspiration, soil moisture and community composition will all be affected. 
Evidence has already suggested that different physiological or phylogenetic groups of 
grasses change along rainfall gradients or with variation in habitat water availability 
(Taub, 2000; Osborne & Freckleton, 2009). How the distribution of different grass 
species changes in the future, and accurate predictions of community composition are 
crucial for grassland management (Sage & Kubien, 2003; Edwards et al., 2010). 
 
1.6.1 Drought tolerance and plant functional types (PFTs) 
Not all plants in dry habitats are drought tolerant: some only grow in wet seasons by 
using a “drought escape” strategy to complete their life history before the dry season; 
others cope with water stress through “dr ought avoidance” or “drought tolerance” 
mechanisms (Lambers et al., 1998). The former maintains its normal water flux by 
storing water or accessing enough soil water, the later adjusts morphological or 
physiological responses to tolerate drought. Morphological traits that plants use to 
increase drought tolerance include deep roots, sclerophylous leaves or specialized 
bulliform cells which can allow leaves to roll or fold during periods of water stress 
(Begg, 1980; Grammatikopoulos & Manetas, 19 94). Physiologically, low soil water will 
cause plants to close their stomata to reduce leaf transpiration and save water in the 
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short term (Schulze, 1986; Nippert et al., 2009). In the long run, plants will lower the 
osmotic potential of the cytoplasm (Turner & Begg, 1981; Knapp, 1984), reduce leaf 
cell elongation and protein synthesis, allocate more growth to roots to access water, 
leading to xeromorphic traits and limited productivity to acclimate to drought 
(Fernandez & Reynolds, 2000). Knapp (1984) m easured water relations of three C4 
grasses in a tall grass prairie, finding that they significantly adjusted their water 
potential at the osmotic saturation point (Ψs) and turgor loss point (TLP) in drought 
years, with lower values than other mesic or xeric species. Metabolically, C4 NADP-me 
species are more sensitive to drought than C3 species and recover slowly from drought 
(Ripley et al., 2010). However, very little is known about the water relations of grasses 
from a phylogenetic perspective. 
Attempts have been made to logically link plant morphological and physiological 
attributes or life history strategies with their natural habitats, with a concept of plant 
functional types (PFTs) advanced in the 1990s (Smith et al., 1997). Traits to define and 
parameterize these PFTs have been systematically collected and analysed (Kattge et al., 
2011). There have been numerous studies on how grass morphological structures or 
physiological functions relate to their habitat water availability (Knapp, 1984; 
Fernandez & Reynolds, 2000; Sato & K ubota, 2004; Ghannoum, 2009). From the 
community to the ecosystem scale, more and more detailed and complex plant attributes 
have been used for PFT classification (Woodward & Cramer, 1996; Diáz & Cabido, 
1997), while at the landscape, regional and global levels, relatively coarse categories 
have been employed to predict the broad distribution of vegetation and dynamics 
(Aguiar et al., 1996; Paruelo & Lauenroth, 1996; Ni , 2003). It is noticeable that 
photosynthetic type has never failed to be an important physiological index in PFT 
classification, whether at the regional or global scale (Box, 1996; Diáz et al., 1998; 
Winslow et al., 2003). However, although PFTs are valuable in understanding and 
predicting ecological and biogeographical processes, this framework is unlikely to be an 
alternative but only a complement to taxonomic based descriptions in plant community 
ecology or biogeography (Duckworth et al., 2000). In fact, in comparative studies on 
C3/C4 PFTs, phylogenetic clades play fundamental roles in plant functions compared 
with photosynthetic types. Evidence comes from C3/C4 sister comparisons of 
Alloteropsis in Poaceae (Ibrahim et al., 2009) and Flaveria in Asteraceae (Vogan & 
Sage, 2011). Furthermore, a PFT classification is especially hard for grasses, because 
similar growth forms, vegetative and regenerative traits make them easily classified into 
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the same PFTs (Diáz & Cabido, 1997). Therefore, a phylogeny based system could be a 
reasonable approach for studies on grasses. 
 
1.6.2 Physiological responses to water stress 
Water stress can decrease leaf stomatal conductance (gs) which is essential for 
controlling the diffusion of both CO2 and H2O into and out of leaves, and closely 
connects to leaf photosynthetic rate (A) via water use efficiency (WUE). WUE is the 
rate of biomass accumulation divided by water consumption in a certain period (e.g. the 
whole growth season, g·g -1day-1), while instantaneous WUE (iWUE) is measured as the 
photosynthetic CO2 fixation rate divided by transpiration rate (A/gs, dimensionless). 
Water stress may lower leaf water potential (LWP), limit biomass accumulation and 
thus the competitive ability within the community. Many studies on physiological 
responses to drought have confirmed the differences between C3 and C4 grasses and 
proposed several mechanisms (Ghannoum, 2009; Taylor et al., 2011).  
Firstly, stomatal limitation is thought to be the main reason for the decline of A in C4 
species (da Silva & Arrabaca, 2004), because when CO 2 supply is limited by closed 
stomata, A of C4 species can be more greatly influenced than C3 species (Ripley et al., 
2007). This can be explained by the higher initial slope and higher normal A in the CO2 
response curve of C4 species when there is no drought stress (Figure 1.8). Thus gs is as 
an important index in studies on drought tolerance of grasses. 
 
Figure 1.8 Diagrams of CO2 response curves of C4 and C3 species, both in well-watered 
(solid curve) and drought treated (dotted curve) conditions. S (well-watered) and S’ 
(drought) give the A with no stomatal limitation at ambient CO2 concentration (Ca); P 
(well-watered) and P’ (drought) show real A when the CO2 supply is limited by stomata. 
Redrawn from Ripley et al. (2007). 
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Secondly, non-stomatal limitation plays another major role in decreasing A in C4 
species, via a decline in the activity of photosynthetic enzymes, nitrate reductase and 
photorespiration (Figure 1.9). Theories for metabolic limitations have also been 
proposed and tested by many studies (Becker & Fock, 1986; Lal & Edwards, 1996; 
Ghannoum et al., 2003; Carmo-Silva et al., 2008), especially the higher sensitivity of 
Rubisco of C4 species to drought (Ghannoum, 2009). 
 
 
Figure 1.9 Simplified effects of water stress on the photosynthesis of C4 species. 
Leakiness is the fraction of CO2 which leaks out of the bundle sheath cells (BSC). 
Adapted from Ghannoum (2009). 
 
Thirdly, nutrients also determine the growth and survival of C4 grasses, but a higher 
photosynthetic nitrogen use efficiency (PNUE) is always at the expense of WUE, and 
vice versa. This trade off was firstly reported in evergreen trees and shrubs in California 
(Feild et al., 1983). Subsequent studies confirmed the negative relationship between 
NUE and WUE in C3 crops or grasses (Lajtha & Whitford 1989; Fredeen  et al., 1991; 
Chen et al., 2005). The explanations are that, in infertile places where PNUE is high, 
stomata will open further, leading to low WUE; while under water stress, stomata will 
close to gain higher WUE, thus less of the photosynthetic capacity is used, resulting in 
low PNUE. As soil nutrients and soil pH are inversely correlated with rainfall, nutrients 
should be another factor in the relationships between C4 grass distribution and rainfall 
gradients. 
  Within C4 grasses, studies have previously focused on the relationships among 
physiological indices (A, gs, Ψ, iWUE and PNUE), leaf life span and morphological 
indices such as specific leaf area (SLA), leaf area ratio (LAR), leaf mass ratio (LMR) 
and root mass ratio (RMR) (Reich et al. 1997; Wright et al. 2004ab). For WUE, the 
entire plant WUE of NAD-me species was higher but not significantly than that of 
Water stress 
Stomatal conductance ↓ 
Activity of 
photosynthetic enzymes ↓ 
Activity of nitrate 
reductase ↓ 
Intercellular CO2 ↓ 
CO2 leakiness ↑ 
Photorespiration↓ 
CO2 assimilation 
rate ↓ 
Chapter 1                                                                                                                         General introduction 
21 
 
NADP-me species under water stress (Ghannoum, 2002). In later phylogenetically 
controlled experiments, iWUE of both NAD-me and NADP-me species in Paniceae 
were compared but were also not significantly different (Taylor et al., 2010). However, 
although these studies all only included few species (3~5 species) for each 
photosynthetic or phylogenetic type, differences among C4 lineages were found, 
including both physiological (e.g. iWUE) and morphological (e.g. SLA) effects and leaf 
mortality, which indicated the importance of phylogeny (Taylor et al., 2010). For NUE, 
previous work has been more equivocal, as leaf nitrogen content and PNUE showed no 
significant differences between NAD-me and NADP-me grasses in one case (Taub & 
Lerdau, 2000), but both PNUE and NUE of NADP-me grasses were significantly 
greater than those of the NAD-me grasses (Ghannoum et al., 2005). Furthermore, 
significant variation in PNUE was found among grass lineages in another comparative 
study (Taylor et al., 2010).  
 
1.6.3 Leaf hydraulics and related functional traits 
Plant functional traits are fundamental for plant ecology, influencing ecosystem 
processes and depending on habitat resources (Westoby & Wri ght, 2006). Studies on 
functional traits are crucial to an understanding of how species change along 
environmental gradients, especially leaf hydraulics, which has long been recognized as 
a major constrain in plant water transport and affects gas exchange rate (Sack & 
Holbrook, 2006). Leaf hydraulics varies across species, coordinating with conductance 
and water potential from the soil, root and stem, and is also affected by different 
environment conditions like temperature and irradiance (Figure 1.10). However, most 
conclusions on leaf hydraulics have been drawn from woody plants, especially the 
trade-off between resistance to drought-induced cavitations and hydraulic efficiency 
(Sperry, 2000; Tyree & Zimmermann, 2002 ). Leaf hydraulic conductance (Kleaf) of 
herbs and grasses is around 22 mmol m-2 s-1 MPa-1, much higher than woody plants, and 
has complex relationships with other structural and functional traits (Table 1.2). 
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Figure 1.10 Leaf hydraulic conductance (Kleaf) in a simplified water circuit of the whole 
plant system. Modified for grasses from Sack & Holbrook (2006). Ksoil, Kroot, Kstem and 
Kplant are the hydraulic conductance of soil, root, stem and plant; Ψsoil, Ψstem and Ψleaf are 
the water potential of soil, stem and leaf; gs, gb, E and VPD represent the stomatal 
conductance, boundary-layer conductance, transpiration rate and leaf to air vapour 
pressure difference. Ψleaf will vary across plant species depending on height differences, 
and the different transpiration and hydraulic supply for each leaf. Indices in bold were 
measured in a greenhouse experiment reported in this thesis. 
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Table 1.2 Leaf structural and functional traits associated with leaf drought tolerance, 
maximum water flux per area and leaf mass per area across species. Associations among 
them are positive except when noted.  
Leaf structural and functional traits 
(Sack & Holbrook, 2006 ) 
Index in my greenhouse experiment 
(Chapter 6) 
(a) Leaf drought tolerance traits  
Modulus of elasticity (variably related) 
Leaf density (variably related) 
Thickness of leaf and palisade mesophyll 
Leaf nitrogen concentration per area 
Leaf water storage capacitance per area 
Osmotic potentials at full and at zero turgor 
Young’s modulus of elasticity ( ε) 
Leaf density (D) 
Leaf  thickness (T)  
Leaf nitrogen concentration ([N]) 
1 - Dry matter content (DMC) 
Ψosat and Ψotlp 
Cuticular conductance (negatively related) Leaf area normalized water flux 
Number of the bundle sheath cells Leaf vein density (VD) 
(b) Maximum flux-related traits  
Leaf hydraulic conductance 
Stomatal pore area 
Stomatal conductance 
 
 
Net maximum photosynthesis per area 
Transpiration rate 
Mesophyll area/leaf area 
Leaf hydraulic conductance (Kleaf) 
Stomatal pore area index (SPI) 
Stomatal conductance (gs) 
Maximum diffusive conductance to 
water vapor (gwmax) 
Photosynthesis rate (A) 
Transpiration rate (E) 
 
(c) Leaf mass per area-related traits  
Specific leaf area  
Leaf density 
Leaf thickness 
Leaf lifespan 
Leaf nitrogen concentration per mass 
(negatively related) 
Leaf water content per mass  
(negatively related) 
Specific leaf area (SLA) 
Leaf density (D) 
Leaf  thickness (T)  
Leaf longevity 
Leaf nitrogen concentration ([N]) 
 
1 - Dry matter content (DMC)  
 
According to whether plants can maintain a constant water potential gradient during 
drought, plants are divided into two types, anisohydric and isohydric (Stocker, 1956). 
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Tardieu and Simmoneau (1998) found that the midday Ψ in anisohydric plants 
fluctuated significantly during drought treatments, while the midday Ψ in isohydric 
plants did not vary much, although the predawn Ψ in both types decreased with drought. 
However, a common consequence of regulating water status by stomatal closure in 
isohydric plants is carbon starvation and mortality in the long term (McDowell et al., 
2011). While relatively anisohydric plants are drought tolerant by allowing larger Ψ and 
maintenance of A, their narrower hydraulic safety margins might also cause hydraulic 
failure during intense and long droughts (McDowell et al., 2008; 2011). Meanwhile, 
Franks et al. (2007) reported an isohydrodynamic behaviour, whereby stomatal control 
could keep a constant plant water potential gradient from soil to leaf. A 17-year 
monitoring data of Konza prairie had already shown that drought, together with burning 
and grazing, affected both physiological responses (Ψ) and morphology (root density) 
of functional groups (Tucker et al. 2011). In another study, six coexisting woody 
species were compared in summer drought. Anisohydric species failed to maintain gas 
exchange longer during drought and the different patterns of gas exchange, hydraulics 
and morphology across species indicated scaling from leaf physiology via stem 
structure to the whole leaf area (Quero et al., 2011). Therefore in the future, drought 
events may partition isohydric and anisohydric species between survival and mortality 
(McDowell et al., 2011). 
 
1.7 Aims and objectives 
The overall aim of this thesis is to test for phylogenetic niche conservatism (PNC) in the 
traits of grasses at different scales. Spatial scales are tested from global, through 
regional to habitat, and phylogenetic scales are tested from genus to species. Traits span 
climatic niche, through habitat preference, to morphological and physiological traits 
(Figure 1.11).  
The main hypotheses are:  
1) Phylogeny is a better predictor than photosynthetic type/subtype in explaining the 
traits of grasses;  
2) Phylogenetic signals of plant traits might become weaker as biogeographical scale 
decreases, since local niche partitioning and environmental filtering may erase PNC;  
3) Phylogenetic relationship of species is a better predictor of plant morphological traits 
than physiological traits. 
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Figure 1.11 Conceptual structure of this thesis. By taking account of both phylogeny 
and physiology, this thesis studied how C3/C4 grasses are distributed, interact and 
respond to water-related environmental gradients on three spatial scales. 
 
For all the chapters, phylogenetic trees were built and phylogenetic tests were carried 
out to compare species (except Chapter 2 where the focus is on genera). The main 
objectives for each chapter are: 
 
Chapter 2 Biogeography, habitat and morphological traits at the global scale 
To investigate the roles of phylogeny and photosynthetic type in explaining the 
variance of morphological and habitat traits among different C4 grass lineages.  
To test how these traits vary or covary across the phylogenetic tree. 
 
Chapter 3 Distribution of grasses with climate gradients at the regional scale 
To verify the global distribution patterns of grasses along climate gradients in the 
Inner Mongolian region.  
C3/C4 grasses 
Plant functional traits 
Physiology 
Photosynthetic types 
Phylogenetic clades 
Phylogeny 
Species assemblies 
Distribution patterns Globe /region 
Hydraulics 
Rainfall 
Soil water Community 
Individual 
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To test whether phylogenetic signals, scaling effects and plant-environment 
correlations exist at the regional scale.  
 
Chapter 4 Niche partitioning of grasses at the community scale 
To find how grass species are distributed across habitat gradients in communities.  
To define niche partitioning from morphological to environmental traits. 
To find which abiotic or biotic factors are responsible for species sorting among 
habitats. 
 
Chapter 5 Morphology and ecophysiology of grasses in plant community 
To explore niche partitioning, plant traits and ecophysiological mechanisms from a 
phylogenetic perspective.  
To compare phylogenetic signals, scaling effects and plant-environment correlations 
with global and regional data.  
To test associations between morphological and ecophysiological traits. 
  
Chapter 6 Leaf structure and hydraulic traits of C4 grasses in a greenhouse 
To investigate both morphological and ecophysiological traits of C4 grasses, 
especially leaf hydraulics.  
To explore how plant traits are affected by phylogeny, as well as its interactions with 
photosynthetic type and habitat type. 
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Chapte r 2 A phylog e n e t i c persp e c t i v e on the bioge o g r a p h y, habi t a t and 
morph o l o g y of C 4  grass e s : a globa l datas e t 
 
To investigate the roles of phylogeny and photosynthetic type in explaining the variance 
of morphological and habitat traits among different C4 grass lineages, this chapter firstly 
presents a genus level dataset of C4 grasses and corresponding phylogenetic trees. Next 
the divergence of two monophyletic subfamilies is compared. Then the evolutionary 
variance of single traits is evaluated from among and within subfamilies, and the 
covariance of paired traits is analysed to explore scaling effects and plant-environment 
relationships. Finally how phylogeny and photosynthetic type have differential effects 
on morphological and habitat traits is investigated by phylogenetic linear models.  
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2 . 1 Introd u c t i o n 
C3 and C4 plants have long been found different in ecophysiological traits (Pearcy & 
Ehleringer, 1998), with contrasting water relations and stomatal traits (Taylor et al. , 
2011; 2012). Photosynthetic pathway is used widely to discriminate plant functional 
types in studies of global change, with vegetation of grasses classically divided into C3 
and C4 types (Still et al.,  2003; Sitch e t al. , 2008). As C4 photosynthesis has evolved 
independently in multiple grass lineages (Grass Phylogeny Working Group II, 2011), 
which vary significantly in their physiology and anatomy (Christin e t al. , 2010), C4 
grasses are grouped into three C4 subtypes for generalization, and they showed different 
biogeographical relationships with mean annual precipitation (MAP). However, 
independent lineages are confounded with C4 subtypes and show even better 
relationships with MAP (Chapter 1 1.4.1). Recent global scale phylogenetic analyses 
also demonstrated that several of the major grass clades inhabit strikingly different 
climatic regions, with C4 lineages differentiated from their C3 relatives primarily by 
precipitation (Edwards & Smith, 2010). Evid ence has therefore accumulated for the 
differential ecological sorting of C4 grass lineages. However, the extent to which this is 
underpinned by adaptive variation in anatomy and physiology of the C4 subtype still 
remains unclear. 
Although previous work has already confirmed that ecological transitions from 
shaded to open habitats have driven the evolutionary origins and diversification of C4 
species (Osborne & Freckleton, 2009; Edwards & Smith, 2010), why different C 4 grass 
lineages occupy contrasting ecological niches also remains extremely limited. A crucial 
unanswered question about the environmental niche of C4 grasses is whether 
geographical distributions are confined directly by water availability p e r se , or a 
correlated environmental factor such as aboveground net primary production or tree 
cover (Chapter 1 1.4.2).  
With a dataset of morphological and habitat information of 185 genera belonging to 
two monophyletic subfamilies, Chloridoideae and Panicoideae, which together account 
for 90% of the world’s C 4 grass species, relationships between the morphological and 
habitat traits were investigated to test whether they change with water availability, and 
how they vary or co-vary in different evolutionary groups. The objectives are: (1) to 
measure the phylogenetic signal in the morphological and habitat traits of these C4 
grasses; (2) to investigate the extent to which morphological traits show correlated 
evolution and adaptation to habitat type across different C4 lineages; and (3) to evaluate 
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the degree to which C4 photosynthetic subtype explains trait variation against the 
phylogenetic background. 
 
2.2 Material and methods 
2.2.1 Genus sampling 
All C4 grasses belong to the PACMAD clade of the Poaceae. Chloridoideae and 
Panicoideae are the two largest subfamilies of this clade that together encompass C3 and 
all three subtypes of C4 species. Chloridoideae has three main tribes: Cynodonteae, 
Eragrostideae and Zoysieae, which are mainly  distributed in Africa and Australia, and 
tend to be particularly prevalent in drought-prone and temperate climate regions 
(Hartley & Slater, 1960; Cross, 1980). Pa nicoideae also has four main tribes: 
Andropogoneae (a tropical tribe with centres of diversity in Africa and India), Paniceae 
(a tropical tribe centred in East Africa), Paspaleae and Arundinelleae (Cross, 1980). In a 
previous phylogeny, Paniceae was paraphyletic (Giussani et al ., 2001) and divided into 
two monophyletic groups based on the chromosome base number ( x =  9 or x =  10), 
however, the latest phylogeny named x =  10 Paniceae as Paspaleae (Grass Phylogeny 
Working Group II, 2011).  
 
2 . 2 . 2 Data collec t i o n 
A genus-level dataset was compiled from different sources. Initially all of the 363 C4 
grass genera were listed with information about C4 subtype (Sage & Monson, 1999). 
This list was then filtered down to ~200 by th e availability of nucleotide sequences for 
any species of each genus in the NCBI public archives (GenBank, 2010), which were 
used to reconstruct the phylogenetic relationships of those taxa. To simplify the 
comparison, only the two largest subfamilies Chloridoideae and Panicoideae were 
focused upon, which further limited the dataset to 185 genera (Table 2.1). Four kinds of 
data were compiled for each genus: 
(1) Categorical information: Subfamily a nd tribe groupings were based mainly on 
Watson and Dallwitz (1992 onwards) and Peterson e t al . (2010).  The identification 
of photosynthetic type (C3/C4 subtype) followed Sage and Monson (1999).  
(2) Quantitative parameters: Numbers of species  in each genus (divided into annual and 
perennial), culm height (i.e. height of the stem, estimated as the mean of maximum 
and minimum values), leaf width and stomatal guard cell length were compiled from 
Watson and Dallwitz (1992 onwards) and Clayton e t al.  (2006 onwards), 1000-seed 
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weight values were from Royal Botanic Gardens Kew (2009). Data for the extremely 
large seeds of domesticated maize were excluded from the analysis. 
(3) Qualitative descriptions: Plant and leaf mo rphological traits were recorded from 
Watson and Dallwitz (1992 onwards). These traits are important for plant water 
relations, including “bro ad and/or narrow” leaf and “fla t and/or rolled/folded” leaf. 
(4) Habitat data: Information on water requirement (e.g. hydrophyte, xerophyte), 
tolerance of saline environments (halophyte, glycophyte) and habitat shading (shade, 
open) was recorded (Watson & Dallwitz, 1992 onwards). A numerical score of water 
requirement was assigned to each of the habitat types describing water availability, 
giving equal weighting to the extremes (Hydrophyte = 5, Helophyte = 4, Mesophyte 
= 3, Xerophyte = 1), and resulting in a cont inuous sequence of values for each genus. 
The sequence of these four values for each genus was summarized as a mean “water 
score” and range “water range”, follo wing Osborne and Freckleton (2009). 
 
Table 2.1 Structure of the global grass dataset, including genera number of different life 
histories, photosynthetic types and total species number of Chloridoideae and 
Panicoideae. Data for the C3 genera of Panicoideae are given in parenthesis. 
 Chloridoideae Panicoideae Total 
Number of genera 84 101 (25) 185 
Large genera (≥ 40 species/genus)  5 14 (2)  
Genera contain annual species 44 64 (15) 108 
Genera contain perennial species 70 90 (20) 160 
C3 genera 0 25  
NAD-me genera 42 0  
NADP-me genera 2 62  
PCK genera 8 5  
Unclear or mixed genera 32 9  
Number of species 1252 2961 (434) 4213 
 
2 . 2 . 3 Statis t i c a l methods 
Summary statistics were obtained (Microsoft Office Excel 2007) before the dataset was 
exported into R (Ver. 2.10.1) for further statistical tests.  
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Student’s t- test was used to test for differences between the quantitative traits of 
subfamily Chloridoideae and Panicoideae; if the data of the trait were not normally 
distributed, either log transformation or a z -test for large sample groups were carried out. 
The dependence of results on photosynthetic pathway was explored by repeating the 
analysis with and without C3 genera of the Panicoideae. A proportion test [ prop.test () ] 
was applied for each qualitative index instead of a χ2 test [ c h i s q . t e s t () ] because these 
data had “yes”, “no” or “both” records. 
To explore the scaling relationship for plant size, both culm height and leaf size were 
used as the predictive variables with others as the dependent variables. Water score was 
taken as a predictive variable with all morphological traits as the dependent variables, to 
investigate any correlations between plant traits and habitat water. 
 
2 . 2 . 4 Phylog e n e t i c tree a nd phylogenetic tests 
Phylogenetic relationships among taxa were reconstructed by a collaborator (E.J. 
Edwards, Brown University), using molecular sequences available from the NCBI. Six 
commonly sequenced gene regions for grasses were used: nuclear markers phy B and 
nr ITS and chloroplast regions ndhF , rbcL , t r nK/matK , and t r nLF . Each genus in the 
dataset was represented by the one exemplar in the archive that had been sequenced for 
the greatest percentage of these loci, allowing building as complete a data matrix as 
possible. The final alignment contained 189 taxa and 7,350 characters. A phylogeny was 
built by using Bayesian inference, as implemented in Mr. Bayes v3.1.2 and allowed 
each gene region an independently optimized model of evolution. Briefly, 3 independent 
runs of 10,000,000 generations were done, sampling every 1,000th generation to build a 
posterior distribution of trees. The first 4,000,000 generations of each run were 
discarded as ‘burn-in’ to ensure stationari ty. The remaining sampled trees were pooled 
from the three independent runs to produce a consensus phylogeny (Figure 2.1). Many 
areas of the tree lacked strong statistical support. To reduce this phylogenetic 
uncertainty, 300 alternative trees were randomly sampled from the posterior 
distributions, and all of them were included in the phylogenetic tests.  
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Figure 2.1 The phylogenetic tree of the 185 genera in this study. The phylogenetic 
relationships were built by comparing nuclear markers phy B and n rITS and chloroplast 
regions ndhF , rbcL , t r nK/matK , and t r nLF . It is a majority rule consensus tree of the 
Bayesian posterior distribution of trees. Posterior support values of branches are 
indicated above the branches. Three outgroup genera E h r h art a , Lolium  and Isachne are 
not shown. Subfamilies and lineages are labeled. 
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Pagel’s λ was used to estimate the degree to which the residual variation of one trait 
shows “niche similarity” depending on phylogeny, according to the prediction of a 
simple Brownian model of trait evolution (Pagel, 1999); i.e. it measures the extent to 
which traits evolve by random drift from their value in a common ancestor, and takes 
values between 0 and 1. A value of λ = 0 implies that there is no phylogenetic 
dependence, whereas λ = 1 indicates perfect phylogene tic dependence. This test was 
used to detect phylogenetic signals in single traits, to build models between pairs of 
traits whilst accounting for variable levels of phylogenetic signal, and to construct 
models for the dependence of plant traits on habitat traits (Freckleton e t al. , 2002). 
Furthermore, to compare how phylogenetic patterns arose for the relationships between 
morphological traits and habitat, λ tests were also carried out separately for the two 
subfamilies Chloridoideae and Panicoideae. 
Two methods were used to explore whether subfamily and photosynthetic type 
explain variance in morphological and habitat traits. Firstly, subfamily was added as a 
factor into the phylogenetic models for single traits. This evaluated the extent to which 
the divergence between Panicoideae and Chloridoideae explained phylogenetic structure 
in the data. Secondly, both subfamily and photosynthetic type (PT) were added into 
models, comparing the variance in traits explained by each factor. Two factors were 
transposed in two models as: M1, y ~ subfamily + PT; M2: y ~ PT + subfamily, where y  
was the trait of interest, and the terms tested using sequential (Type I) sums of squares. 
This allowed the importance of each variable to be assessed by testing whether each 
explained a significant proportion of variance once the other had been accounted for. In 
these models, only genera containing species with a single C4 photosynthetic subtype 
were used to avoid the influence of mixed photosynthetic types, resulting in a smaller 
sample of 140 genera. The interaction effects could not be directly tested due to the 
highly biased distribution of photosynthetic type between subfamilies.  
 
2.3 Results 
2.3.1 Phylogen e t i c distribu t i o n of traits 
The phylogenetic tree showed that two subfamilies, Chloridoideae and Panicoideae, 
were each strongly supported as monophyletic (Figure 2.2). Genera in Chloridoideae 
were clustered into one small (Triraphideae) and three large (Zoysieae, Cynodonteae 
and Eragrostideae) lineages, matching the tribes defined by taxonomists and previous 
phylogenetic groupings. Meanwhile in Panicoideae, Paspaleae was closer to 
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Andropogoneae than to Paniceae.  The representatives of the Arundinelleae appeared to 
be paraphyletic, one was sister to the Andropogoneae, and the other was an outgroup of 
Panicoideae. The colour codes showed how photosynthetic types were confounded with 
subfamily, i.e. all of the NAD-me genera in the dataset belonged to Chloridoideae, 
while nearly all of the NADP-me genera existed in Panicoideae (Table 2.1). Most of the 
genera with “uncertain phot osynthetic type” were in Ch loridoideae, with both “NAD-
me” and “PCK” species in one genus.  
Mapping the five main traits across the tree showed not only clear distinctions in trait 
values between subfamilies, but also among smaller lineages. Average values of the 
morphological traits of Chloridoideae were around half those in Panicoideae, and water 
score was generally smaller in Chloridoideae, indicating more genera living in drier 
habitats. Several lineages notably contributed to the pattern: the lowest values of culm 
height, leaf width and guard cell length occurred in the Cynodonteae, while the greatest 
culm height and leaf width values were from the Andropogoneae, but guard cell length 
was greatest in the Paspaleae. 1000-seed weight was polarized by crop species with 
extremely large seeds. One genus standing out with large plant size in Chloridoideae 
was N e y r a u d i a  from the small early diverging lineage Triraphideae. However, water 
score had no clear contrasts for smaller groups (Figure 2.2). 
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Figure 2.2 Values of (A) culm height, (B) leaf width, (C) guard cell length, (D) 1000-
seed weight and (E) water score mapped across the phylogenetic tree. This tree was 
selected among the 300 simulated phylogenetic trees, with the highest frequency in the 
histograms of 300 lambda values of quantitative indices. Dot sizes are proportionally 
scaled to fit the figure. Subfamilies and tribes are labeled. Photosynthetic types (PT) are 
shown in the branch tips as (a) colored squares: C 3, yellow; C4 NAD-me, blue; C4 
NADP-me, red; C4 PCK, cyan; and mixed PT in one genus, black. A full list of genus 
names is in the consensus tree. Note that the seed weight for domesticated maize is 
shown in this figure but was excluded from the analysis. 
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2.3.2 Subfamily differences  
A comprehensive comparison between Chloridoideae and Panicoideae showed that both 
subfamilies had more perennial than annual species, with a similar mean of 70% 
perennials in each genus (Table 2.2). However, the proportion of genera with only 
perennial species was higher in Chloridoideae than Panicoideae (P  < 0.05; Table 2.2).  
Chloridoideae and Panicoideae can be clearly distinguished morphologically. The 
average culm height of Chloridoideae was only half that of Panicoideae (P  < 0.001). 
This smaller plant size was associated with smaller leaf width and 1000-seed weight of 
Chloridoideae, which were even less than half of these in Panicoideae (both P  < 0.01). 
Guard cell length of Chloridoideae was about two thirds of that in Panicoideae and 
highly significantly smaller (P  < 0.05; Table 2.2).  
 
Table 2.2 Values of quantitative and qualitative traits, and the results of statistical 
comparisons of the Chloridoideae and Panicoideae subfamilies. Data are means ± SE. 
The numbers of genera sampled for each subfamily are given in parentheses. Results of 
t -tests and p -tests were insensitive to the inclusion or exclusion of C3 genera in the 
Panicoideae, so only the results for all genera in Panicoideae were presented. Level of 
significance: * P  < 0.05; ** P  < 0.01; *** P  < 0.001; ns, not significant. 
 Chloridoideae  (n ) Panicoideae ( n ) P 
Perennial species percentage (% ) 70 ± 4.2 (83) 73 ± 3.2 (97) ns 
Annual species only 15% (84) 7% (102) ns 
Perennial species only 48% (84) 32% (102) * 
Culm height (cm)  57 ± 4.8 (84) 112 ± 7.6 (98) *** 
Leaf width (mm)  4 ± 0.7 (39) 9 ± 1.2 (27) *** 
Guard cell length (µm)   24 ± 0.6 (64) 34 ± 1.0 (74) *** 
1000-seed weight (g) 1.0 ± 0.21 (48) 2.1 ± 0.34 (53) ** 
Narrow leaf 98% (84) 77% (102) *** 
Broad  leaf 10% (84) 52% (102) *** 
Rolled/ folded leaf 67% (84) 34% (102) *** 
Flat leaf 67% (84) 57% (102) ns 
Water range 1.4 ± 0.07  (73) 1.9 ± 0.09 (77) *** 
Water score 2.0 ± 0.12 (73) 3.0 ± 0.10 (77) *** 
Shade habitat 8% (84) 30% (102) *** 
Saline habitat 24% (84) 9% (102) *** 
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Habitat also differed between subfamilies. Chloridoideae had a smaller water score 
and narrower water range than Panicoideae (both P  < 0.001). The inclusion of genus 
size in statistical models eliminated the latter effect, showing that it could be explained 
by the smaller number of species per genus in Chloridoideae. Chloridoideae was also 
less likely to occupy shady habitats, but had a greater probability of tolerating saline 
soils than Panicoideae (both P  < 0.001; Table 2.2). Following the morphological and 
habitat differences, the qualitative traits also showed a greater prevalence of 
xeromorphic traits in Chloridoideae. There were more genera with narrow or 
rolled/folded leaves in Chloridoideae than in Panicoideae (both P  < 0.001), irrespective 
of whether this was expressed in absolute or relative terms. Meanwhile, “flat leaf” was 
very common in all grass genera, and did not differ between subfamilies (Table 2.2).  
 
2.3.3 Phyloge n e t i c signal in single traits 
For all the phylogenetic tests, the estimated λ values for all the 300 phylogenetic trees 
showed that the phylogenetic uncertainty in λ was relatively small for all morphological 
and habitat traits (Figure 2.3).  
 
Figure 2.3 Histograms of λ values from 300 phylogenetic trees for single traits in Table 
2.3. Natural logged data are labeled by *. All other λ values for two traits or models in 
Table 2.4, 5 and 6 had similar normal distributions, so they are not reported.  
Species number
0.0 0.4 0.8
0
50
15
0
25
0
Annuals no.
0.0 0.4 0.8
0
50
15
0
Perennials no.
0.0 0.4 0.8
0
10
0
20
0
30
0 Perennial per genus(%)
0.0 0.4 0.8
0
10
0
20
0
30
0
Culm height *
0.0 0.4 0.8
0
20
40
60
80
Leaf w idth *
0.0 0.4 0.8
0
20
60
10
0
Guard cell length *
0.0 0.4 0.8
0
10
20
30
40
1000-seed w eight *
0.0 0.4 0.8
0
20
40
60
80
Narrow  leaf
0.0 0.4 0.8
0
20
40
60
80
Broad leaf
0.0 0.4 0.8
0
20
60
10
0
Roll/fold leaf
0.0 0.4 0.8
0
20
40
60
80
Water sum
0.0 0.4 0.8
0
20
40
60
Water range
0.0 0.4 0.8
0
20
40
60
Water score *
0.0 0.4 0.8
0
10
30
50
Shade habitat
0.0 0.4 0.8
0
20
60
10
0 Saline habitat
0.0 0.4 0.8
0
20
40
60
80
Lambda values
F
re
qu
en
cy
Chapter 2 Biogeography, habitat and morphological traits at the global scale 
38 
 
Morphological traits including culm height, leaf width, guard cell length, 1000-seed 
weight and binomial indices of narrow/broad and rolled/folded leaves all showed 
phylogenetic dependence (all P < 0.01 for λ = 0), with values of λ from 0.27 to 0.59 
(Table 2.3A). In contrast, occurrence of annual/perennial species showed no clear 
phylogenetic signal, with λ values not distinguishable from either 1 or 0. The percentage 
of perennial species showed phylogenetic independence (P ns for λ = 0; < 0.001 for λ = 
1). For habitat traits, the water range had a λ of 0.12, whereas the value for water score 
was 0.61 ( P < 0.05 for λ = 0 in both cases). Furthermore, the occurrence of a genus in 
shade habitats was significantly related to phylogeny, whereas occurrence in saline 
habitats was independent of phylogeny (Table 2.3A). In all cases, λ values for single 
traits were also significantly different from 0 or 1 except those traits related to species 
number. 
The addition of subfamily as a factor into each statistical model reduced the value of 
λ in all single trait tests (Table 2.3B). Almost all of the λ values for morphological traits 
and habitat preference were reduced to zero, showing that there were no phylogenetic 
signals within subfamily. The only exception was culm height, which retained a 
significant λ value of 0.51 ( P < 0.001 for λ = 0). Analysis of variance showed that 
subfamily provided a significant explanation for the variance in all of the traits except 
culm height, leaf width, water score and shade habitat (Table 2.3B). These results 
indicated that, for many traits, the overall phylogenetic signal arose predominantly from 
the divergence between the two subfamilies. However, phylogenetic differences still 
remained within subfamily for culm height (Table 2.3). 
The λ values for the two separated subfamilies gave insight into how the 
phylogenetic patterns arose. There were no phylogenetic signals in species number, 
percentage of perennials for both subfamilies. However, the phylogenetic signals in 
culm height and leaf width were driven mostly by Chloridoideae (λ values were 0.49 for 
culm height and 1.00 for leaf width, P < 0.05 for λ = 0 in both cases). All the remaining 
single traits were independent of phylogeny for both subfamilies (Low λ values with all 
P ns for λ = 0). The significant contrast between the two subfamilies therefore played a 
role in determining the overall pattern across the phylogenetic tree. This was especially 
the cases for guard cell length and water score, where a strong phylogenetic dependence 
for the tree as a whole (λ = 0.58~0.61; Table 2.3A) was co mpletely lost when the two 
subfamilies were considered in isolation.  
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Table 2.3 Pagel’s λ based on 300 phylogenetic trees for (A) single trait only and (B) 
subfamily effect against the phylogenetic background. Indices marked † were natural 
logged in tests. Sample size ( n ) deviated from 185 for missing values of some genera. 
All standard errors for the 300 lambda values were less than .01, except “annuals per 
genus” (.02). P  values for both λ = 0 and 1 were based on the tree of the highest 
frequency among the 300 λ values (Figure 2.3). F and P  values for the model are 
reported. Level of significance: * P  < .05; ** P < .01; *** P  < .001; ns, not significant.  
  (A) y ~ 1   (B) y ~ subfamily  
Index ( y ) n λ P (λ = 0)  P  (λ = 1)   F P  λ P (λ = 0)  P (λ = 1)  
Annuals no. per genus 179 .22 ns ns  1.48 ns .21 ns ns 
Perennials no. per genus  179 .02 ns ns  2.83 ns .02 ns * 
Perennials per genus (%) 179 .00 ns ***  .14 ns .00 ns *** 
Culm height (cm) † 181 .55 *** ***  1.70 ns .51 *** *** 
Leaf width (mm) † 66 .59 *** *  7.37 ns .27 ns *** 
Guard cell length (µm) † 138 .58 *** ***  14.12  ***  .25 ns *** 
1000-seed weight (g) † 101 .30 *** ***  19.84  ***  .00 ns *** 
Narrow leaf 185 .29 *** ***  16.25  ***  .00 ns *** 
Broad leaf 185 .30 *** ***  40.97  ***  .00 ns *** 
Roll/fold leaf 185 .27 *** ***  20.52  ***  .00 ns *** 
Water range 156 .12 * ***  14.18  ***  .00 ns *** 
Water score † 156 .61 *** ***  3.47 ns .49 ns *** 
Shade habitat 185 .30 *** ***  2.52 ns .21 ns *** 
Saline habitat 185 .09 ns ***  8.35 ***  .00 ns *** 
 
2 . 3 . 4 Phylog e n e t i c effect s on trai t correl at i o n s  
Correlations of raw data at the genus level were investigated (Table 2.4). Associations 
between plant size traits were generally positive, especially for leaf width with culm 
height. Their linear regression was statistically significant (F1, 63 = 83.85, R 2 = 0.56 *** ), 
while their elastic ratio (slope of linear regression from logged values) was 0.85, which 
meant that leaf width would increase by 84%  if culm height doubled. However, guard 
cell length had nearly no relationships with either culm height or leaf width.  
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Table 2.4 Models of the scaling effects of morphological traits based on 300 
phylogenetic trees. Coefficients and F values are for general linear models (GLM) and 
phylogenetic general linear models (PGLM ). All data were natural logged in tests. 
Standard errors of 300 lambda values are not reported. LW: leaf width; CH: culm height; 
GL: guard cell length and SW: 1000-seed weight.  
 
According to phylogenetic tests, leaf width, guard cell length and 1000-seed weight 
all showed statistically significant associations with culm height (Table 2.4; Figure 2.4), 
but none of these relationships were phylogenetic dependent (all P ns for λ = 0). There 
was no significant relationship between guard cell length and leaf width, and only weak 
phylogenetic dependence (λ = 0.25, P < 0.001 for λ = 0). Generally scaling effects and a 
clear divergence between two subfamilies were observed (Figure 2.4). 
 GLM  PGLM   
y  ~ x  n F P  slope R 2   n F P  λ P 
(λ = 0 ) 
P 
(λ = 1 ) 
slope R 2  
LW ~ CH 65 76.01 ***  0 . 8 5 0.54  65 41.3 ***  .33 ns *** 0 . 7 1 0.40 
GL ~ CH 137 17.63 ***  0 . 1 2 0.11  137 4.38 *  .11 ns *** 0 . 0 6 0.03 
SW ~ CH 100 13.97 ***  0 . 6 9 0.12  100 7.57 **  .20 ns *** 0 . 5 6 0.07 
GL ~ LW 46 5.09 *  0 . 0 8 0.08  46 .03 ns .25 *** *** - 0 . 0 0 -0.02 
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Figure 2.4 Relationships of (A) leaf width, (B) 1000-seed weight and (C) guard cell 
length with culm height, and (D) guard cell length with leaf width. All data were natural 
logged before modelling. Lineages are Chloridoideae (black) and Panicoideae (white). 
Dashed lines were fitted from GLM. Solid lines were fitted from PGLM . See model 
parameters in Table 2.4.  
 
2.3.5 Couplin g morpho l o g i c a l traits with habitat traits  
All of the models for morphological traits versus habitat traits showed strong evidence 
for phylogenetic signal in the residuals, with λ values ranging from 0.36 to 0.75 (all P < 
0.01 for both λ = 0 and 1).  However, the analyses  of variance found little evidence that 
habitat factors could explain variance in morphological traits (all P > 0.05 for the three 
factors), except in the case of habitat water for leaf width, and habitat shade for the 
1000-seed weight (Table 2.5A). Examination of the two subfamilies separately tended 
to result in lower λ values that were not significant from zero, except in the case of culm 
height (Table 2.5BC). These analyses showed that the association between leaf width 
and water arose within Panicoideae, and the relationship between 1000-seed weight and 
shade was within Chloridoideae (Table 2.5BC). 
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When morphological traits were plotted against water score, there were no clear 
trends. However, if subfamilies were examined separately, it emerged that there were no 
relationships for genera in Chloridoideae, but loosely positive relationships for genera 
in Panicoideae. The reason was that, although the two subfamilies show different 
overall preferences for dry or wet habitats, both occurred across the whole range of 
habitats (Figure 2.2). The difference was that morphology of Chloridoideae was more 
conservative, remaining as shorter plants, with narrow leaves and smaller stomata 
across all habitats (Table 2.5B), while Panicoideae rarely occurred in dry habitats, but 
tended to develop into large plants with wide leaves in conditions of high water 
availability (Table 2.5C). A similar insensitive response of guard cell length to water 
score was found in both subfamilies. 
 
Table 2.5 F and λ values for phylogenetic general linear models testing the relationships 
between morphological traits and habitat factors based on 300 phylogenetic trees. 
Results are for (A) the whole dataset, (B) Chloridoideae only and (C) Panicoideae only. 
F and P  values are reported for three habitat factors (water, w; shade, sh; saline, sa) in 
each model. Standard errors of 300 λ values are not shown. Abbreviations are as above. 
(A) n Habitat factors (F P ) λ P  P 
  Water (w) Shade (sh) Saline (sa)  (λ = 0)  (λ = 1)  
CH ~ w + sh + sa 155 .06 ns .90 ns 1.24 ns .75 *** *** 
LW ~ w + sh + sa 59 5.71 *  .46 ns .18 ns .36 ** ***  
SW ~ w + sh + sa 90 2.67 ns 5.97 *  1.16 ns .36 ** ***  
GC ~ w + sh + sa 121 .60 ns 2.12 ns 1.74 ns .55 *** ***  
(B) Chloridoideae        
CH ~ w + sh + sa 77 .53 ns .21 ns 2.66 ns .81 *** * 
LW ~ w + sh + sa 36 .62 ns .08 ns .61 ns .27 ns *  
SW ~ w + sh + sa 44 2.10 ns 4.28 *  .12 ns .00 ns ***  
GC ~ w + sh + sa 59 .52 ns 2.08 ns .42 ns .00 ns ***  
(C) Panicoideae        
CH ~ w + sh + sa 78 1.67 ns .25 ns .20 ns .49 *** * 
LW ~ w + sh + sa 23 9.72 **  .10 ns .68 ns .00 ns **  
SW ~ w + sh + sa 46 2.89 ns 2.59 ns .96 ns .00 ns ***  
GC ~ w + sh + sa 62 .13 ns 3.16 ns 1.76 ns .43 ns ***  
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2.3.6 Photosynthetic type comparison 
Phylogenetic models for morphological and habitat traits which tested subfamily and 
photosynthetic type as predictors successfully accounted for the phylogenetic signal (P 
ns for λ = 0), except in the case of culm hei ght (Table 2.6). For the M1 models with 
subfamily as the first factor, most of the variance in traits was explained by subfamily 
(all P < 0.05). However, the M2 models with PT  as the first factor showed nearly 
reversed results, emphasizing PT in explaining variance. Only for culm height was 
subfamily retained as the main source of variance in both models (Table 2.6). 
 
Table 2.6 Analysis of variance of the quantitative indices from subfamily and 
photosynthetic type (PT) in phylogenetic general linear models. Data were natural 
logged. PT included C3, C4 NAD-me, C4 NADP-me and C4 PCK, and only genera with 
known PT were involved in the tests. The two models were: M1: y  ~ subfamily + PT; 
M2: y  ~ PT + subfamily, since direct interacti on of two factors cannot be tested for the 
unbalanced dataset. All models were run repeatedly for 300 phylogenetic trees.  
   Model comparison (F P )  Lambda test 
 n   Subfamily PT  λ P (λ = 0)  P (λ = 1)  
Culm height 140 M1 2.49 *  1.09 ns  .46 * *** 
  M2 5.27 *  1.17 ns     
Leaf width 45 M1 26.13 ***  .59 ns  .00 ns *** 
  M2 1.20  ns 9.27 ***      
Guard cell length 105 M1 4.93 ***  1.61 ns  .05 ns *** 
  M2 2.31 ns 14.48 ***      
1000-seed weight 84 M1 14.03 **  .55 ns  .00 ns *** 
  M2 .15 ns 5.17 ***      
Water score 120 M1 1.5 **  2.91 ns  .37 ns *** 
  M2 .18 6.20 **      
     
However, for the other morphological traits, a comparison of the F values between 
M1 and M2 showed that those for subfamily were higher than those for PT when they 
were the main explanatory factor (e.g. for leaf width, F = 26.13 for subfamily in M1, 
while F = 9.27 for PT in M2, Tabl e 2.6). Therefore subfamily was a better explanation 
for variance in culm height, leaf width and 1000-seed weight. On the same basis, 
Chapter 2 Biogeography, habitat and morphological traits at the global scale 
44 
photosynthetic type was a better explanation for the variance in guard cell length and 
water score. When these traits were separated by photosynthetic type, clear gradients 
were shown, from the highest values in C3 genera, to NADP-me and PCK, then NAD-
me genera (Figure 2.5). 
 
Figure 2.5 (A) guard cell length and (B) water score for different photosynthetic types. 
Data are means ± SE. Sample sizes are reported  at the bottom of each bar. Letters on the 
top of each bar are multiple comparison results (Tukey HSD). 
 
2.4 Discussion 
2.4.1 Phylog e n e t i c niche conser v a t i s m in grass morpho l o g y and habitat  
The analyses found significant phylogenetic signals for the morphological traits and 
habitat preferences, supporting the hypothesis of phylogenetic niche conservatism (PNC) 
in C4 grasses. Moderate phylogenetic signals, relative to a drift model, indicated that 
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morphological and ecological traits accumulated their divergences across multiple 
lineages, although were not very strongly conservative. Phylogenetic signals can be 
influenced by scale and convergent evolution (Losos, 2008) and, as noted in Chapter 1, 
weaker phylogenetic signal than predicted by a Brownian model was consistent with 
both traits lability (i.e. weak PNC) and PNC via strong stabilising selection (Donoghue, 
2008). Although the results were consistent with both mechanisms, the general pattern 
in trait distribution seemed to be that most traits exhibited a great deal of variability 
(especially noting the log transformations). Hence it did not seem likely that stabilising 
selection was the mechanism generating weak phylogenetic dependence. 
These findings added mechanistic details to the long-standing observation that 
different subfamilies and tribes of grasses with the typical C4 Kranz anatomy preferred 
specific climatic zones (Hartley, 1950, 1958ab; Hartley & Slater, 1960). For instance, 
the geographic distribution of species diversity and phylogenetic inference indicated an 
origin of Chloridoideae in xeric habitats of tropical or subtropical Africa during the 
Oligocene. This lineage now occupies water limited habitats across the world (Hartley 
& Slater, 1960; Osborne & Freckle ton, 2009; Bouchenak-Khelladi e t al ., 2010; Edwards 
& Smith, 2010), indicating the maintenance of  both habitat and morphological niches. 
Therefore this study emphasized the importance of considering phylogeny in 
biogeographic modelling and the assessment of global change impacts on the 
geographical distributions of species (Edwards et al ., 2007). 
Another important implication of PNC is that adaptations to climatic changes might 
not easily be accomplished in all lineages (Donoghue, 2008), because trait evolution in 
some phylogenetic groups will be more sensitive to global changes than others. In this 
study, most of the phylogenetic signals were generated by a single deep divergence 
between the two subfamilies (Table 2.3B), which may be associated to some degree 
with the different origins of C4 photosynthesis in the two subfamilies. One of the 
earliest origins of C4 photosynthesis occurred in Chloridoideae, and the C4 members 
within this subfamily formed a monophyletic group (Christin e t al ., 2008). In contrast, 
C4 photosynthesis has evolved as many as fifteen times in Panicoideae, making these C4 
species polyphyletic (Edwards & Smith, 2010) . This evolutionary difference may 
explain the conservatism within Chloridoideae, and the relatively large variations in 
morphological and habitat traits within Panicoideae (Table 2.2). Therefore, simply 
grouping the multiple, independently derived C4 lineages into a single C4 functional 
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type may be inappropriate because it conceals important underlying variation in traits at 
the community or ecosystem level. 
Finally, morphological traits related to plant size, leaf width and stomatal guard cell 
size all evolved in a manner that was broadly consistent with the drift model. 
Meanwhile, morphological traits also showed evolutionary covariance, confirming an 
allometric scaling effect that was independent of evolutionary background (Table 2.4; 
Figure 2.4), and which has been reported previously (Poorter & De Jong, 1999).  
 
2.4.2 From morpholo g y to habitat and distribut i o n 
The associations between morphological and habitat traits exhibited strong phylogenetic 
signals based on the divergence between subfamilies, suggesting that PNC in both 
inherited traits and habitat preferences determine the distributions of C4 grasses. For 
example, genera of Chloridoideae had smaller plants and stomata than Panicoideae, but 
no statistical evidence of adaptation to habitat characteristics within the former lineage 
was found. On the other hand, Chloridoideae also had a greater occurrence in drier and 
saline habitats, and were less likely to occur in shady environments, suggesting 
ecological sorting of these traits. 
However, although habitat water availability is an important factor in defining the 
environmental niche for plants, it cannot explain some observations alone. For instance, 
Eragrostideae exists typically in drier habitats, but many species also occur in wet, 
disturbed conditions, like some notorious weeds of irrigated croplands (e.g. 
E r a g ro s t i s minor ). Therefore other dimensions of the ecological niche in the models 
were analyzed. Firstly, the different tolerance of shading indicated the potential 
importance of woody plant cover, especially for Chloridoideae. Woody plant cover 
affects growth and evaporative demand directly through shading, but is also associated 
indirectly with other factors such as seasonal aridity, fire occurrence, herbivore density 
and soil nutrient conditions (Sankaran et al. , 2008). Secondly, the hypothesis that size-
related traits play an important role in determining the ecological niche of grasses was 
supported. Since competition is expected to be more intense along productivity 
gradients driven by increasing rainfall gradients, taller plants with bigger leaves will be 
advantaged. Therefore multiple factors have to be considered within the framework of 
PNC when investigating the ecological niche of C4 grasses. 
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2 . 4 . 3 From photosy n t h e t i c type to phyloge n y 
The results from a global grass dataset have a number of important implications for 
future work on the ecological significance of photosynthetic types. Firstly, it confirms 
that PNC occurs in C4 grasses and demonstrates that variation in the biology of grasses 
is generally explained better by lineage (subfamily) than by C4 subtype, which is 
consistent with previous studies (e.g. Hattersley, 1992; Taub, 2000; Taylor et al ., 2010). 
Secondly, this finding asserts that phylogeny should be integrated into the design of 
experiments comparing multiple C4 grass species, because species that inherited their 
traits from a common ancestor cannot be considered independent replicates (Christin et 
al. , 2009). Finally, lineage-specific differences in biogeography (Gibbs Russell, 1988), 
climatic niche (Edwards & Smith, 2010), habitat and morphology (this study), and 
physiology (Edwards e t al ., 2007; Taylor et al ., 2010) make it inappropriate to consider 
all C4 grasses as a single functional group in the simulation of global change impacts on 
the functioning and biogeography of plants. A growing body of data now supports this 
proposal, and would be sufficient to begin the necessary model parameterization.  
 
2.4.4 Research prospects 
Further progress is likely to be made by improvements in data quality in three areas.  
1) Although this genus level analysis has revealed large-scale macroevolutionary 
patterns in traits, it is less well suited for investigations of trait coevolution, where 
heterogeneity within genera blurs relationships. Species-level analyses are likely to 
sharpen the view of the evolutionary processes at work.  
2) Future work will benefit hugely from ongoing improvements in the understanding 
of grass phylogeny (Edwards e t al ., 2010). These will allow the relationships among 
subfamilies to be explored in more depth, and to better establish which lineages are 
monophyletic. Previous work with other plant taxa has shown that the consideration of 
larger taxonomic scales reveals greater PNC (Cavender-Bares e t al. , 2006).  
3) Coarse categorical or binary classification of habitat should ideally be replaced by 
more quantitative measures. Given a precisely mapped set of occurrences for each 
species, an ecological informatics approach (e.g. Edwards & Smith, 2010) can deliver 
quantitative estimates of habitat characteristics such as vegetation productivity. 
However, for locally heterogeneous traits such as shading, quantitative field 
measurements may be the only way forward, bringing major logistic challenges for 
large samples of species. 
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2.5 Conclusions  
This study has demonstrated moderate PNC in the morphological and habitat traits of C4 
grasses, indicating that it is important to consider the variation among different grass 
lineages, rather than treating them as one C4 functional type. The presence of 
phylogenetic signals suggested that both plant morphology and habitat preference may 
be involved in determining the contrasting distribution patterns of C4 grass lineages. 
Genera in Chloridoideae had significantly smaller culm heights, leaf widths, 1000-seed 
weights and stomata; they also appeared more in dry, open or saline habitats than those 
of Panicoideae. Through controlling for phylogenetic structure, significant covariation 
within morphological traits supported phylogenetically independent scaling effects, 
while associations between morphological and habitat traits showed limited 
phylogenetic covariance. The predictive effects of subfamily explained the variance in 
most morphological traits better than C4 photosynthetic type. Therefore evolutionary 
lineages rather than photosynthetic type should be the central focus when studying the 
biodiversity, biogeography, habitat, morphology and physiology of grasses under global 
change. 
Chapter 3  Distribution of grasses with climate gradients at the regional scale 
49 
 
 
 
C h a p t e r 3 Geogr a p h i c a l distr i b u t i o n , morp h o l o g y and phyl o g e n y of 
grass e s along clima t e gradi e n t s in Inner Mong o l ia : a regio n a l case 
 
To test whether the global  distribution patterns of grasses along climate gradients also 
exist in the Inner Mongolian region, this chapter reports vegetation types, climatic 
parameters and grass species in Inner M ongolia. Then, based on species distribution 
data, the relationships between species ric hness and climate gradients are presented. 
After building phylogenetic trees, morphological traits, habitat water characteristics and 
climatic factors are compared among phylogenetic clades and tested for phylogenetic 
signals. To explore the scaling effects of plant size and morphology-environment 
relationships, tests are carried out with and without phyl ogenetic background to test 
how they covary and are affected by phylogeny.  
     
  
Chapter 3  Distribution of grasses with climate gradients at the regional scale 
50 
 
3 . 1 Introd u c t i o n 
Chapter 2 showed that phylogenetic group wa s better than photosynthetic type in 
explaining variance in culm, leaf and seed traits of grasses. However, very few 
biogeographical patterns or species level datasets have previously been tested directly. 
Whether turnover of species (both ric hness and abundance) and traits along 
environmental gradients differ among phylogenetic lineages remains an open question. 
The Inner Mongolian steppe is the main  component of Mid-Asian temperate 
grasslands. From the east to the west, it go es through dramatically increasing altitude 
and temperature gradients, but decreasing precipitation gradients. It provides an 
excellent system to explore the relations hip between distributi ons of grasses and 
environmental factors, and their associations with morphological and habitat traits. 
Previous studies on Mongolian steppe at the biogeographical scale mainly focused on 
the identification of C 4  plants, descriptions of their distribution and ecological traits 
(Yin & Li, 1997; Tang, 1999; Pyankov e t al ., 2000). Vegetation dynamics have also 
been modelled based on the physiological traits of different plant functional types (PFTs, 
Chapter 1) and climatic factors (Jiang e t al ., 1999; Ni, 2000, 2003; Bai  et al.  2008). 
However, in these studies, all grasses were  either treated as one PFT, or mixed with 
other plants (e.g. herbs) into C 3  or C 4  PFTs, which raises the potential problem that 
different phylogenetic groups within these PFT s may have different relationships with 
climatic factors. 
From the global to the regional scale, density dependent mechanisms such as 
competition are predicted to be stronger at small spatial scales, and may prevent close 
relatives from coexisting (Grime, 1977). Ther efore at a regional level, more variables 
would influence plant morphol ogy in relation to soil wa ter conditions, from soil 
nitrogen content, herbivory and fire events (Sankaran e t al. , 2008), to human activities 
such as irrigation and soil fertilization (Scholes, 1990; Jo ern & Mole, 2005). Once the 
spatial scale is sufficiently large, spatial clustering would occur since the similar 
habitats will be occupied by more re lated and recently diverged species 
(Cavender-Bares e t al ., 2009), due in part to the strong phylogenetic signals of 
morphology and habitat traits in Chapter 2. P hylogenetic niche conservatism (PNC) also 
Chapter 3  Distribution of grasses with climate gradients at the regional scale 
51 
 
increases with increasing phylogenetic scale (such as species within a genus up to 
among several families) due to biogeographical history, because species from a clade 
tend to be concentrated in the region in which the clade originated (Wiens & Graham, 
2005; Losos, 2008). As a result, in the I nner Mongolia steppe, PNC might be more 
obscure than that of the global scale. 
Based on the biogeographical distributi on and morphology of Poaceae and the 
climatic data of Inner Mongolia , the objectives of this chapte r are to test (1) whether the 
distributions of different grass clades agree with general patterns fr om other continents, 
i.e. phylogeny is a useful pr edictor of grass distributions; (2) whether morphological 
traits and environmental factors also show phylogenetic signals; (3) whether the 
morphological scaling effects seen in Chapter 2 can be detected in this regional flora 
and whether variance in morphological traits  is explained by envi ronmental factors and 
phylogenetic relationships. 
 
3 . 2 Materia l s and methods 
3.2.1 Study area 
The Inner Mongolian Autonomous Region (IMAR)  in China covers an area of 1.2 × 10 6  
km 2, of which 66% is natural grasslands. The Inner Mongolian steppe is divided into 
three biomes (meadow steppe, typical/dry st eppe and desert steppe) and six vegetation 
types, following strong east-west altit ude (230~1400 m) and climatic gradients, 
especially in precipitation. The mean annual temperature (MAT) ranges from -1.7 to 
8.6°C, with minimum mean monthly temper ature in January (-26.5 to -8.5°C) and 
maxima in July (19.9 to 24.0°C). The m ean annual precipitation (MAP) is around 
120~460 mm, of which ~70-80% is in the growth season (May to September), 
coinciding with the peak temperature (F igure 3.1). The soil t ypes are chernozems, 
chestnut, calcic brown and desert so ils from the east to the west (Bai  et al. , 2008). 
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Figure 3.1 Geographical maps of the Inner Mongolian Autonomous Region (IMAR): (A) 
weather station distribution and vegetation type; (B) Altitude gradients; (C) Mean 
annual temperature (MAT) gradients; (D ) Species richness and mean annual 
precipitation (MAP) gradients. 
 
3 . 2 . 2 Data collecti o n and recalcul a t i o n 
There were three datasets and several recalculated indices in this study:  
(1) Records of 265 species of Poaceae in Flor a of Inner Mongolia (Editorial Committee 
on Flora Intramongolica, 1983; 1998), including  morphological traits, flowering time, 
description of habitat and county-scale occurrences for each species. The taxonomy (to 
tribes) was mainly based on Grass Genera of the World (Watson & Dallwitz, 1992 
onwards) .  The photosynthetic type (including C 4  subtypes) identification followed Sage 
e t al.  (1999).  
C 4  grasses in the temperate Inner Mongolian st eppe are not as abundant as in tropical 
grasslands. A series of st udies on the photosynthetic types based on the Inner Mongolian 
plant flora and carbon isotope ratios of plants indicated that 4 ~ 9% of the total vascular 
species are identified as C 4  species, and most of them are grasses in Poaceae, with a 
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total of around 40 species (Wang, 2002; Liu e t al. , 2004; Han  et al. , 2006). There were 
six subfamilies in Poaceae in the Flora of Inner Mongolia, showing a tight association 
with photosynthetic type. The largest subfam ily, Pooideae, accounted for nearly 80% of 
the total species (203 out of 265 speci es) and consisted exclusively of C 3  species. 
Meanwhile, the second largest subfamily, Pa nicoideae (35 species), mainly included C 4  
NADP-me species, with the next largest s ubfamily Chloridoideae (21 species), mainly 
NAD-me species. Three small subfamilies were Ehrhartoideae, Arundinoideae and 
Aristidoideae, with only three, two and one  species, respectively (Table 3.1).  
 
Table 3.1 Frequency of photosynthetic types fo r different subfamilies in Poaceae in the 
Flora of Inner Mongolia, in dicating the high degree of correlation between phylogeny 
and photosynthetic type. 
 Photosynthetic type  Phylogeny 
 Subfamily C 3  
species 
NAD-me 
species 
NADP-me 
species 
PCK 
species 
Unclear 
species 
 Tribe 
number 
Genus 
number 
Species 
number 
Aristidoideae   1     1 1 1 
Arundinoideae 2       1 1 2 
Ehrhartoideae 3       1 3 3 
Chloridoideae  19  1 1  3 9 21 
Panicoideae  1 32 1 1  3 20 35 
Pooideae  203       8 42 203 
Total 208 20 33 2 2  17 76 265 
 
(2) Geographical and climatic informati on from 1971 to 2000 for 88 counties of IMAR, 
including altitude, MAP, MAT, minimum/ maximum precipitation and temperature, 
relative humidity and sunshine hours (China  Meteorological Data Sharing Service 
System, 2005). Area and population for each c ounty were also recorded (Ministry of 
Civil Affairs of the People's Republic of Ch ina, 2005). Based on the species distribution 
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table, total species numbers and proportions of each subfamily/ tribe for each county 
were calculated first, followed by arithmetic means of the climatic values associated 
with the county-scale distribution for each species. 
Six main vegetation types were used for analysis in this study (Figure 3.1A), 
classified according to the 1:4 000 000 vegetation map of IMAR (electronic copy from 
the Institute of Geographical Sciences and Natural Resources Research, The Chinese 
Academy of Sciences).  
(3) Recalculated climatic and habitat indices: 
(3a) Potential evapotranspiration (PET) was modelled from meteorological data. PET 
reflects the maximum evapotranspiration over a surface without water limitation under a 
certain meteorological environment. There are different measurements and models to 
calculate potential and actual evapotranspiration (ET), depending on the availability and 
quality of the input data, as well as the sensitivity of ET to the geographical scale and the 
scientific questions (Fisher et al., 2010). The standardized method  recommended by 
Food and Agriculture Organization (FAO) is based on the Penman-Monteith equation 
(Penman, 1948; Monteith, 1965). The “FAO Penman-Monteith model” defined a 
hypothetical reference crop with an albedo of 0.23, an assumed crop height of 0.12 m 
without water limitation, a fixed surface resistance of 70 s/ m for ETo (Allen et al., 1998). 
The reference surface closely resembles an extensive surface of green grass with uniform 
height, active growth and adequate water. ETo is used as PET in this study: 
ET  = 0.408 ∆ (  −  ) +    900 + 273    (  −   )∆ +    (1 + 0.34   )  
  where 
ETo reference evapotranspiration (mm day-1), 
Rn net radiation at the crop surface (MJ m-2 day-1), 
G soil heat flux density (MJ m-2 day-1), is ignored and assumed to be zero here, 
T mean air temperature at 2 m height (°C), 
u2 wind speed at 2 m height (m s-1), 
es saturation vapour pressure (kPa), 
ea actual vapour pressure (kPa), 
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es - e a saturation vapour pressure deficit (kPa), 
Δ slope vapour pressure curve (kPa °C -1 ), 
γ  psychrometric constant (kPa °C -1 ). 
The detailed calculation procedures are pr ovided in the reference manual for the 
software ET o Calculator (Raes, 2009). As for th e meteorological data for Inner 
Mongolia, latitude, elevation, MAT, relative  air humidity, relative sunshine hours and 
mean wind speed for each county were used to model ET o in R (Ver. 2.12.1). However, 
as the raw data were annual means, and the modelling of R n required the number of days 
of the year, R n was calculated for 365 days and the average values were put into the 
formula. Finally, PET of the reference su rface for 88 counties in Inner Mongolia were 
calculated, and the arithmetic means of PET values were attributed for each species 
based on the distribution table. 
(3b) The de Martonne aridity index (AI), de fined as AI = MAP/ (MAT + 10), is an 
dimensionless index that combines precip itation and temperature (de Martonne, 1927). 
It has been used worldwide in the arid climatic zones and previous studies on C 4  species 
distribution in Mongolia (Pyankov et al ., 2000; Ni, 2000, 2003).  
(3c) Habitat water score combined info rmation on water requirement (e.g. hydrophyte, 
xerophyte), tolerance of saline environments  (halophyte, glycophyte) and habitat shading 
(shade, open). See details in Chapter 2. 
 
3 . 2 . 3 Statis t i c a l methods 
3.2.3. 1 Basic statis t i c s  
Basic statistics were done in Excel (Micro soft Office Excel 2007) and then the datasets 
were exported into R (Ver. 2.12.1) for further statistical tests. Maps were drawn in 
ArcGIS 9.3 (2009 ESRI, USA), figures were  plotted in SigmaPlot (Ver.10.0, Systat 
Software, Inc.), and phylogenetic trees were  built in R (Ver. 2.12.1) , by using the ape 
package and modified in Mesquite (V.2.74, Maddison & Maddison). Multiple 
comparisons of means ( p o s t hoc  tests, Tukey Contrasts) among the main subfamilies, and 
linear models were executed in R (Ver. 2.12.1). 
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3 . 2 . 3 . 2 Phyloge n e t i c tree and lambda test 
Species-level phylogenetic trees were c onstructed by combing information from 
published phylogenies for the 265 Poaceae specie s (76 genera) in the Flora of Inner 
Mongolia. 
Very few genera appeared in the phylogeny of Christin et al . (2008) or the 185 
genera tree in Chapter 2 si nce both focused mainly on C 4  clades. Next the online 
Phylomatic tool (Webb, 2005 onwards) ba sed on the phylogeny from Angiosperm 
Phylogeny Group (APG3) (Stevens, 2001 onwa rds) was tested, but within-family 
resolution was generally missing and sp ecies sampling was again very limited. 
Although 76 genera could be extracted  from the phylogenetic tree of 
Bouchenak-Khelladi  et al.  (2010), some obvious misplacements were found, so this 
phylogeny was abandoned. Finally, a framewor k based on the phylogenetic tree in 
Edwards e t al.  (2010) was used, within which 69 out  of 76 genera could be found and 
89 species exactly matched. For the remain ing species, 21 synonymies were found after 
searching in O n l i n e World Grass Flora Synonym y  (Clayton  et al. , 2002 onwards). 
Therefore a phylogenetic tree that included 110  species could be extracted (Figure 3.2 
Tree A). 
Next, a larger phylogenetic tree with 238 sp ecies tips was made up by adding 115 
congeners from the species list in Edwards e t al.  (2010) and 13 parallel congeners (9 in 
C l e i s t o ge n e s , 3 in P i p t a t h e r u m  and 1 in D i a r r he n a ) to the 110-species tree, with 27 
species abandoned for the lack of any data (the whole tree in Figure 3.2). However, due 
to the random placements of congeners, this 238-species tree coul d only be used as a 
phylogenetic background to test  for bias in the sampling of the Inner Mongolian grass 
species. 
To maximize the statistical power in phylogenetic tests, a comprehensive search was 
carried out of the published literature for all the undefined species beyond the 
110-species. Finally 60 more species we re confirmed, which are mainly from Leucopo a 
( Torrecilla & Catalán, 2002), Poa  (Gillespie  et al. , 2007), A v e n a  (Loskutov, 2008), 
H e l i c t ot r i c hon  and T r i s e t u m  (Quintanar  et al. , 2007), D e y e u x i a  (Saarela  et al. , 2010), 
Melica  (Nadot  et al. , 1994), A c h n a t h e r u m  and O r y z o p s i s  (Romaschenko  et al. , 2010) 
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and C l e i s t oge n e s  (Cai & Wang, 2001; Lin, 2008). Th e phylogeny of most species in 
Festuca , Poa , Roegneria  and S t i pa  still could not be found in any publications. 
Therefore, the final 170-species tree was us ed in phylogenetic tests (Figure 3.2 Tree B; 
Figure 3.5). 
A phylogenetic analysis (Freckleton e t al. , 2002) based on Pagel’s λ (Pagel, 1999) 
was used to estimate the degree to whic h one trait shows dependence on phylogeny (see 
details in Chapter 2). A “genus-level” tree was also built by collapsing the branches 
within each genus in the 238-species tree, in order to test whether the distribution of 
170-species was biased. A λ value of 0.35 ( P  < 0.001 for both λ = 0 and 1) indicated a 
biased sampling of species, which was mainly caused by the lack of species in the large 
native Chinese genera, Festuca , Poa , Roegneria  and St i p a . As expected, 170-species 
dataset showed slightly different results in  phylogenetic tests from the above datasets, 
but considering that this 170- species tree was the most co mprehensive phylogenetic tree 
currently available, it was used for the final results. 
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Figure 3.2 A phylogenetic tree for 238 specie s of Poaceae in the Flora of Inner 
Mongolia. The tree framework is based on Edwards e t al.  (2010). (A) Black dots 
indicate 110 species that strictly match those listed in Edwards e t al.  (2010). (B) Black 
dots indicate 170 species that were used for the final analyses based upon well-founded 
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phylogenetic evidence. (C) Photosynthetic type: C 3 , black; C 4  NADP-me, red; C 4  
NAD-me, blue; C 4  NAD-me/PCK, yellow. Subfamilies and tribes are labelled with 
several paraphyletic clades confounded with taxonomy in Pooideae. Ten large 
phylogenetic lineages were assigned for comparisons (red dots and abbreviations 
indicate the branch clusters). 
 
3.3 Results 
3.3.1 Climatic gradient s and vegetati o n types in Inner Mongolia 
Along the longitude gradients from west to  east, MAT decreased and MAP increased, 
therefore leading to decreased PET and increased AI, which showed a pronounced 
aridity gradient even taking lat itude into account (Figure 3.3). 
 
Figure 3.3 Spatial distributions of (A) m ean annual precipitation (MAP), (B) mean 
annual temperature (MAT), (C) potential evapotranspiration (PET) and (D) aridity index 
(AI), along the longitude gradient in IMAR. Vegetation types are showed in different 
symbols. 
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The six vegetation types showed different  geographical, climatic and species 
characteristics (Figure 3.1, 3.2; Table 3.2). Desert/ sandy shrub land occupied the 
largest areas in the IMAR, in cluding deserts in the wester n Inner Mongolian plateau and 
desertified sandlands in the southeast IMAR. The smallest vegetation type was 
cropland/ city which occurred mainly in the Hetao Plateaus along the Yellow River in 
the middle of the IMAR, and in the eastern  urbanized areas. Forest was in the far 
northeast corner of the IMAR, with the lowest MAT and highest MAP due to high 
altitude rather than latitude, because it covered the ridge between the Inner Mongolian 
plateau and lower North East pl ains in China. Furthermore, the three types of steppe, 
which covered half the area of the IMAR, we re important grasslands and pastures in 
China.  
As expected, human population density was hi ghest in cropland/ city and lowest in 
desert, while the grass species number was highest  in steppe and lowest in forest (Table 
3.2). From the proportions of different s ubfamilies at the county level, Pooideae 
accounted for the largest proportions in all vegetation types, although the highest was in 
the forest where grasses were shaded unde rstory species. Sp ecies richness of 
Chloridoideae was high in desert and shrub-land, while Panicoideae shared a high 
percentage in cropland and desert shrub-land (Table 3.2).  
 
  
Chapter 3  Distribution of grasses with climate gradients at the regional scale 
61 
 
Table 3.2 Biogeographical and species indices of six vegetation types in IMAR. Data 
are means ± SE, the highest values among th e six vegetation types are shown in bold. 
 Desert/Sandy 
shrub land 
Desert 
steppe 
Dry 
steppe 
Meadow 
steppe 
Cropland Forest Total 
County number 16 9 21 20 16 6 88 
Area (×1000 km 2) 4 22 136 141 279 73 147 1198 
Altitude (m)  1038±98 1 176 ±31 1120±48 739± 40 889±102 710±6  
MAT (°C) 5 .7 ±0 .21 4 .4 ±0.43 3.4 ±0.33 1.6±0.41 5.3±0.15 -0.6±0.34  
MGT (°C) 1 8. 5±0 .1 7 17.7±0.23 16.5±0.22 15.5±0.32 18.1±0.15 13.5±0.21  
MAP (mm)    253±21 237±14 318±8 387± 7 321±16 4 38± 4  
MGP (mm)    221±19 205±12 276±7 338± 6 277±14 3 81± 4  
PET (mm d -1 ) 2 .5 8±0 .5 5 2.45±0.46 2.17±0.48 1.69±0.55 2.34±0.35 1.34±0.33   
Population (million) 2.9 1.5 4.6 4.2 8.8 1.6 23.6 
Population density 
(per km 2) 
7 11 33 15 1 63 122  
Grasses number 183 158 1 96 187 163 122 259 
Chloridoideae (%) 1 6±0 .6 14±1.3 13±0.5 11±0.6 15±0.5 8±0.1  
Panicoideae (%) 20±1.3 18 ±1.5 18±0.9 19±1.0 2 1±1 .5 16±0.4  
Pooideae (%) 61±1.6 66±3.1  67±1.6 69±1.6 61±2.3 7 4±0 .4  
  
3.3.2 Grass specie s change with climat ic gradients in Inner Mongolia 
Since subfamily and photosynthetic type were confounded, it was necessary to use 
taxonomy as the only category, focusing on the three main subfamilies (98% of the total 
grass species included) for fu rther analysis (Table 3.1).  
Species numbers of both Chloridoideae and Panicoideae increased with MGT, while 
Pooideae dropped significantly with increase d MGT (Figure 3.4A). However, at higher 
MGP, species number of Chloridoideae decr eased while that of Panicoideae increased, 
and species number of Pooideae varied wide ly, without any clear trend (Figure 3.4B). 
When different monophyletic lineages in Pooi deae were tested separately (lineages in 
Figure 3.2), PoS (Stipeae) had negative but PoA (mainly Aveneae) had positive 
relationships with MGP, all the others showed no clear associations. PET values 
represented a combination of all climatic factors, showing similar patterns with species 
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richness as MGT did (Figure 3.4C), while AI was more affected by MAP and showed 
more similarity with MGP in the relations hip with species rich ness (Figure 3.4D).  
 
Figure 3.4 Spatial variation in the species ric hness of different grass lineages in relation 
to (A) mean growing season temperat ure (MGT), (B) mean growing season 
precipitation (MGP), (C) PET and (D) AI in IMAR. The growing season is from May to 
September. Regression lines were plotted ba sed on general linear models as “species 
richness ~ x  + county area”, confirming that county area has no significant effects on the 
relationships between species richness and climatic factors. Phylogenetic lineages are 
Pooideae (black), Chloridoideae (blue), Panicoideae (red) and Stipeae (purple). 
 
3.3.3 Phylogen e t i c signals for single traits 
Although for the 110-species tree, there were no λ values significantly different from 
zero (data not shown), for the 170-species  tree, stronger phylogenetic signals were 
detected (Table 3.3). Three morphological tr aits and flowering end date showed high λ 
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values ( P  < 0.05 for both λ = 0 and 1). Habitat water sc ore, MAT and MAP were also 
phylogenetically dependent ( P  < 0.05 for λ = 0), but water range was not (Table 3.3). 
 
Table 3.3 Estimated λ values of morphological traits and climate factors for grasses in 
Inner Mongolia. Indices with  † were natural logged in tests. Sample size ( n ) and P  
values for both λ = 0 and 1 are reported. Level of significance: * P  < 0.05; ** P < 0.01; 
*** P  < 0.001; ns, not significant. 
n λ P  ( λ = 0)  P  ( λ = 1)  
Culm height †  166 0.35 * *** 
Leaf length † 159 0.68 *** *** 
Leaf width † 154 0.43 * *** 
Flat leaf 127 0.00 ns *** 
Roll/fold leaf 75 0.01 ns *** 
Flowering start 135 0.11 ns *** 
Flowering end 135 0.25 * *** 
Water range † 166 0.00 ns *** 
Water score † 166 0.30 * *** 
MGT 165 0.33 *** *** 
MGP 165 0.16 * *** 
PET 165 0.23 *** *** 
 
The distribution of morphological traits in the phylogenetic tree showed several 
groups of large plants with tall culms and long, broad leaves, which were located in 
Arundinoideae ( P h r a g mi t e s ), Panicoideae, Ehrhartoideae and Pooideae (largest in 
Stipeae) (Figure 3.5). Species of  Chloridoideae were the smallest plants, and most had 
narrow leaves (Figure 3.5ABC). As for flow ering time, there was a common phase of 
around two months for all the spec ies, but a clear trend toward s an early start and end of 
flowering in Pooideae compared with othe r lineages (Figure 3.5DE). Water score and 
MAT showed no distinctive patt erns of high values, while MAP seemed to have more 
high values across Pooideae (Figure 3.5FGH). 
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Figure 3.5 Morphological traits and climatic factors of each species distributed in the 
170-species phylogenetic tree. Labels are: (a) Subfamilies: Aristidoideae, black; Arundinoideae, 
red; Chloridoideae, green; Ehrhartoideae, bl ue; Panicoideae, cyan; Pooideae, purple. (b) 
Photosynthetic type: C 3 , black; C 4  NADP-me, red; C 4  NAD-me, blue; C 4  NAD-me/ PCK, 
yellow. A, culm height; B, leaf length; C, leaf width; D, flowering start; E, flowering end; F, 
water score; G, MGT; H, MGP. Dots are scaled in  proportion to fit the figure, for flowering date, 
the bigger the dot, the earlier the month. See name list in Figure 3.2. 
 
3 . 3 . 4 Compari s o n s among phyloge n e t i c lineage s 
The three main subfamilies showed very diff erent morphological traits, habitat water 
a b A B C D E F G H
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status and climatic ranges (Table 3.4). Pa nicoideae and Pooideae had nearly twice the 
culm height and leaf length of Chloridoideae , and Panicoideae had nearly triple the leaf 
width of Pooideae and Chloridoideae, showin g different leaf shapes. Panicoideae had 
the lowest proportion of species with ro lled/folded leaves and halophytes, while 
Chloridoideae was on the other extreme. Pooid eae, with the largest species number, had 
morphological values always between Chlori doideae and Panicoideae except its earlier 
flowering date. As for habitat-related indi ces, three subfamilies all had similar water 
ranges, but Panicoideae lived in the wettest habitat with significantly higher water 
scores. Meanwhile, MGT and MGP of the three subfamilies had no significant 
differences, although Pooideae had slightly lower MGT and MGP (Table 3.4).  
 
Table 3.4 Multiple comparisons of the three main subfamilies in Poaceae in the Flora of 
Inner Mongolia. Data are means ± SE. Sa mple numbers are given in brackets. 
Superscript letters are multiple comparisons results (Tukey HSD) among three 
subfamilies by row. MGT: Mean growing season (May to Sept) temperature; MGP: 
Mean growing season precipitation.  Highest values with significant results in multiple 
comparative tests are shown in bold. 
 Chloridoideae ( n ) Pooideae ( n ) Panicoideae ( n ) 
Culm height (cm) 30 ± 3.1 (20) b 61 ± 1.9 (182) a 6 3 ± 7.1 (31) a  
Leaf length (cm) 7 ± 0.7 (20)  c 13 ± 0.6 (171)  b 19 ± 2.3 (26)  a  
Leaf width (mm) 3 ± 0.3 (20)  b 4 ± 0.2 (159)  b 11 ± 2.3 (26)  a  
Rolled/folded leaf (%) 6 6 . 7 % (21)  a  50.2% (203)  a 5.7% (35) b 
Halophyte (%) 14.3% (21)  a 7.4% (203)  a 0.0% (35)  a 
Average flowering Late Jun to Sept Mid Jun to early Aug July to late Aug 
Water range 1.1 ± 0.08 (21)  a 1.2 ± 0.03 (195)  a 1.2 ± 0.07 (32)  a 
Water score 2.6 ± 0.17 (21)  b 2.6 ± 0.07 (195)  b 3.3 ± 0.18 (32)  a  
MGT (°C) †  17.2 ± 0.12 (21)  a 16.7 ± 0.11 (197)  a 17.1 ± 0.18 (35)  a 
MGP (mm)  †  274 ± 7.3 (21)  a 270 ± 4.5 (197)  a 283 ± 8.0 (35)  a 
†Climatic values for each species are the arithme tic mean of climatic data based on its 
distribution. 
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Based on the differences among three subfamili es, further investigations were carried 
out. Although the taxonomic tribes Aveneae, Triticeae and Poae (all in core Pooideae) 
were polyphyletic groups in the phylogene tic tree, there were large monophyletic 
groups within Pooideae that could be used for further comparisons (e.g. PoX, PoY) 
(Figure 3.2). Clearly some lineages differed si gnificantly from others across a range of 
traits (Figure 3.6). For plant size, in the whole dataset, CC in Chloridoideae had the 
shortest culm, while PA in Panicoideae had the tallest and all lineages in Pooideae did 
not show differences (Figure 3.6A). However,  for water score, the most distinctive 
lineages in Poaceae were PoS (Stipeae) with the lowest and PoM (Meliceae) with the 
highest water score, while other lineages  in Chloridoideae, Panicoideae and core 
Pooideae were broadly similar (Figure 3.6B). 
 
Figure 3.6 (A) culm height and (B) water sc ore for main lineages of Poaceae in Inner 
Mongolia. Data are means ± SE. Sample sizes are reported under each bar. Letters on 
each bar are the results of multiple comparisons via a Tukey HSD test. Chloridoideae 
(horizontal-line bars); Panicoideae (blank ba rs); Pooideae (all slash-line bars): Core 
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Pooideae (sparse-slash); Other Pooideae (dense -slash). Abbreviations as in Figure 3.2. 
 
In addition, when photosyntheti c types were grouped for wate r score, a clear gradient 
was also shown: NADP-me and then PCK sp ecies occupied wetter conditions, followed 
by C 3  and NAD-me species in drier habi tats (Figure 3.7). Normally C 3  species always 
show higher water score than C 4  species, the low water score of C 3  species here was 
contributed by the extremely dry habitat occupied by C 3  PoS (Stipeae) with a mean 
water score of only 1.56 (Figure 3.6B). C 3  species in the PACMAD clade were also 
considered, but there were only five species  in Inner Mongolia w ith mean water score 
4.80, which excluded them from the pattern he re, but agreed with the pattern observed 
in Chapter 2 where all C 3  species belonged to this clade. 
 
Figure 3.7 Water score of different photosynthetic  types for grasses in the Flora of Inner 
Mongolia. Data are means ± SE. Sample sizes are at the bottom of each bar. Letters on 
the top of each bar are multiple comparisons results via a Tukey HSD test. 
 
3.3.5 Scaling effect s agains t the phylog e n e t i c backgro u n d  
Associations between plant size traits were all positive, especially for leaf size with 
culm height (Table 3.5). If subfamilies were examined separately, the fact that 
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Panicoideae and Pooideae were larger than Chloridoideae could be easily observed, as 
Chloridoideae always occupied  the lower parts of both ax es (Figure 3.8ACE). General 
linear regressions of natural logged data showed highly sign ificant positive relationships, 
which indicated scaling effects (Table 3.5; da shed lines in Figure 3.8BDF). For example, 
the elastic ratio between leaf length and cu lm height was 0.84, which meant leaf length 
would increase by 84% if grass culm height  doubled (Figure 3.8B). Phylogenetic linear 
models showed very similar regression lines, indicating that scaling effects between 
pairs of traits were phylogenetically inde pendent (solid lines in Figure 3.8 BDF), 
although leaf length and width each showed  a moderate phylogenetic dependence on 
culm height (Table 3.5). 
 
Table 3.5 Scaling effects of morphological traits for grasses in Inner Mongolia. 
Coefficients and F values are for general linear models ( GLM ) and phylogenetic general 
linear models ( PGLM ) . All data were natural logged in tests. The definitions of n , F, λ 
and P are as above. LL: leaf length; LW: leaf width and CH: culm height. 
GLM  PGLM   
y  ~ x  
n F P  slope R 2   n F P  λ P 
( λ = 0)  
P 
( λ = 1)  
slope R 2  
LL ~ CH 222 202.4 ***  0 . 8 4 0.48  159 149.9 ***  0.34 * *** 0 . 8 7 0.49 
LW ~ CH 210 94.84 ***  0 . 7 5 0. 31  154 106.6 ***  0.40 * *** 0 . 8 9 0.41 
LW ~ LL 205 107.1 ***  0 . 6 4 0.34  152 127.4 ***  0.20 ns *** 0 . 7 7 0.46 
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Figure 3.8 Scaling effects for raw data (left) a nd natural logged data (right) of grasses in 
Inner Mongolia. (A, B) leaf le ngth and culm height, (C, D) leaf width and culm height 
and (E, F) leaf width and l eaf length. Lineages are Pooi deae (black), Chloridoideae 
(blue) and Panicoideae (red). Dashed lines were fitted from GLM . Solid lines were fitted 
from PGLM . See model parameters in Table 3.5.  
 
3 . 3 . 6 Coupli n g morpho l o g i c a l traits with environ m e n t a l factor s  
To test how plant morphology changes with environmental factors, further linear 
regression analyses were carried out. Culm  height and leaf length unexpectedly 
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decreased with increasing MG T, although the variance explained by MGT was very low. 
Positive relationships between morphologi cal traits and MGP/water score were 
significant, except leaf widt h with MGP (Table 3.6). Fo r the phylogenetic components 
of these analyses, high λ values indicated that phylogenetic signal in morphological 
traits was not explained well by the environmental variables. The calculated λ values 
were all significantly differe nt from zero (Table 3.6), refl ecting the strong phylogenetic 
dependences of the three morphological traits (Table 3.4).  
 
Table 3.6 Models of morphological traits in re lation to environmental factors for grasses 
in Inner Mongolia. All data we re natural logged in tests.  All the coefficients and 
abbreviations are as above, with “water” denoting water score. 
GLM  PGLM   
y  ~ x  n F P  slope R 2   n F P  λ P ( λ =0)  P ( λ =1)  slope R 2  
CH ~ MGT 226 8.58 **  - 1 . 1 7 .03  161 7.9 **  0.18  * *** - 1 . 4 3 .04 
LL ~ MGT 216 1.63 ns -0.67 .003  155 1.25  ns 0.77  *** *** -0.66 .002 
LW ~ MGT 204 1.87 ns 0.87 .004  149 0.59  ns 0.47  * *** -0.59 .003 
CH ~ MGP 226 10.5 **  0 . 4 0 .04   161 10.88 **  0.16  * *** 0 . 5 0 .058 
LL ~ MGP 216 6.14  *  0 . 4 0 .023  155 5.08 *  0.73  *** *** 0 . 4 1 .026 
LW ~ MGP 202 2.55 ns 0.32 .007  149 8.35 **  0.42  ** *** 0 . 6 5 .047 
CH ~ water 227 21.22 ***  0 . 3 3 .08   162 20.63 ***  0.43  * *** 0 . 3 9 .11 
LL ~ water  216 14.35 ***  0 . 3 4 .06   155 22.66 ***  0.80  *** *** 0 . 5 0 .12 
LW ~ water 205 47.78 ***  0 . 7 2 .19   151 42.80 ***  0.28  * *** 0 . 7 6 .22 
 
All the significant linear regressions above were plotted (Figure 3.9). Although the 
power of regressions was poor, water score wa s better than MGP in the explanation of 
variance. There were nearly no noticeable re lationships for both the entire dataset and 
single subfamilies with increasing MGT and MG P; the only distinct pattern being that 
Chloridoideae and Panicoideae were separa ted (Figure 3.9ABC). In contrast, with 
increasing water score, plants became larger  across the whole data set (Figure 3.9 DEF). 
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It was noticeable that several species in Pa nicoideae with extremely tall culms and large 
leaves were crops, such as Z e a mays , S o r g h u m sudane n s e , Coix lacryma - j o b i  and 
S e t a r i a itali c a . 
 
Figure 3.9 Relationships between plant morphol ogical traits and climatic factors (left) 
and habitat water score (right). All data  were natural logged before modelling. 
Phylogenetic lineages are Pooideae (black), Chloridoideae (blue) and Panicoideae (red). 
Dashed lines were fitted from GLM . Solid lines were fitted from PGLM . See model 
parameters in Table 3.6. 
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Overall, MGP represents the mean preci pitation across a geographical range, while 
water score indicates local habitat water avai lability. As expected, there were positive 
relationships between water score and MGP at both county and species level, with 
vegetation types distinguished by regional mean water score (Figure 3.10).  
 
Figure 3.10 Relationships between habitat water score and MGP based on (A) county 
and (B) grass species in Inner Mongolia. Fit tings of regression lines are reported. (A) 
Vegetation types are shown in different symbols; (B) Phylogenetic lineages are 
Pooideae (black), Chloridoideae (blue) and Panicoideae (red).  
 
3.4 Discussion 
3.4.1 The di stribu t i o n of Poaceae in Inner Mongolia followe d global patterns 
Direct relationships between species rich ness and MGT/MGP were consistent with 
patterns observed at the global scale. As  expected, species numbers of both 
Chloridoideae and Panicoideae increased with MGT, while those of Pooideae decreased 
with MGT, matching the classic C 3 /C 4  divergence and their distributions at the global 
scale (Hartley, 1958a, 1958b; Ehleringer, 1978), as well as regional studies such as in 
South Africa (Gibbs Russe ll, 1988), Mongolia (Pyankov  et al. , 2000), Europe (Pyankov  
et al. , 2010) and the Hawaiian islands (Edwards & Smith, 2010). As for MGP, the 
decrease of Chloridoideae (NAD-me) and in crease of Panicoideae (NADP-me) with 
MGP were consistent with studies on C 4  subtypes from Namibia (Ellis et al ., 1980), 
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Sinai, Negev and Judean deserts (Vogel e t al. , 1986), Australia (Hattersley, 1992), North 
America (Taub, 2000) and Argentina (Cabido e t al. , 2008). Although most studies on 
the distributions of grass species have used C 3 /C 4  or C 4  subtypes, Chapter 2 shows that 
it is better to use phylogenetical group than photosynthetic type in understanding 
ecological patterns. In Inner Mongolia, the two categorizations  are basically equivalent, 
where all Pooideae are C 3  species, Panicoideae are mostly NADP-me and Chloridoideae 
are mainly NAD-me species. 
However, two points need to be mentioned. Firstly, relative sp ecies richness (the 
proportion of each species in the local flora) rather than species abundance has 
previously been used in most studies on the relationships between regional distribution 
of C 3 /C 4  grasses and environmental factors. However, due to limited sampling in field 
surveys, the absolute value of species richness is more conventionally used in 
worldwide research (Collatz et al ., 1998), although this  can be potentially misleading. 
For example, in Australia, the poor relatio nship between relative species richness and 
relative abundance meant that, when rela tive abundance was us ed, seasonal water 
availability instead of MAP was the best  predictor (Murphy & Bowman, 2007). Another 
example was in Mongolia; if total herb aceous species were included (e.g. 
Chenopodiaceae) in calculating relative spec ies richness, although the relationship of 
grass species richness with MGT was the sa me, NADP-me species decreased with MGP 
rather than increased (Pyankov et al ., 2000). Therefore more accurate species 
abundance data from field surveys and its relationship with envir onmental factors are 
needed in further biogeographical studies.  
Secondly, the negative relationship between  MGT and longitude in Inner Mongolia 
had two drivers (Figure 3.2A). In the wester n part of the region, the relationship was 
driven by potential evapotranspiration based on temperature/ precipitation gradients, 
while in the eastern part, the driver was altitude. Therefore no linear relationship for 
MAT with longitude was found in previous studies which did not sample the eastern 
mountain forest area (Ni, 2003). In order to detect whether longitu de/latitude affected 
MGT/MGP gradients, relationships between MGT/MGP and longitude/latitude were all 
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tested separately for the western and eastern parts. The results showed similar patterns 
as for the whole region, ruling these fact ors out as potential sources of bias. 
 
3 . 4 . 2 Weaker phylog e n e t i c signal s for single trai ts at the regional than global level  
Before focusing on the phylogenetic signals th emselves, it is important to note that 
different datasets can produce different phylogenetic signals within the same tree 
(Figure 3.2), which is consiste nt with the earlier finding that lambda tests for two 
separated subfamilies gives different results (Chapter 2 Table 3.5). The possible 
explanation was that the 110-species tree lost  nearly all the species in Cynodonteae and 
Stipeae (10 species in C l e i s t o g e n e s  were missing from the phylogeny, and 22 out of 26 
species in Stipeae only had congeners so they were not included) , therefore the main 
clades of small plants were lost (Figure 3.2). However, most of these species were 
involved in the 170-species tree, lead ing to stronger phylogenetic signals. 
At the regional scale, both morphological and habitat traits showed weaker 
phylogenetic signals than those in Chapter 2, particularly for water score and MAP. 
Trait distributions and clade comparisons showed that the differences among clades in 
Inner Mongolia were not as big as between the clades compared in Chapter 2, especially 
within the biggest phylogenetic group, Pooid eae (Figure 3.5). This revealed that the 
regional species pool showed less variation a nd generated weaker phyl ogenetic signals, 
in keeping with a hypothesis of  stabilizing selection within the same climate zone (Qian 
e t al ., 2007; Donoghue, 2008). For example, the narrow range of both MAT (-2~ 9 °C) 
and MAP (100~ 500 mm) confined trait labi lity, since global distributions of grass 
species had a much wider range of MAT (- 20~ 40 °C) and MAP (10~  810 mm). On the 
other hand, the results also emphasized  the importance of phylogeny in global 
biogeographic modelling (Edwards e t al ., 2007), because regional phylogenetic lineages 
may response differently to global changes (Donoghue, 2008). 
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3.4.3 Important lineages of Poaceae in Inner Mongolia 
The dominant subfamily in Inner Mongolia, Pooideae, shows a cold tolerant life 
strategy and decreased species richness along increased temperature gradients. Recent 
work of Edwards e t al.  (2010) indicated that PACMAD (a main clade in Poaceae that 
includes all C 4  grasses) species were warm-ada pted whether or not they are C 4  species, 
implying that the evolution of cold tolerance in Pooideae may be as important as the 
C 3 /C 4  divergence in causing the ecological sorting of grass species along temperature 
gradients. Although Pooideae had medial morphological values between Chloridoideae 
and Panicoideae, its earliest flower startin g/ending time, and lowest MGT and MGP all 
revealed its adaptation to the temperate climatic zone.  
Within the Pooideae, lineages in “core P ooideae” were more conservative in their 
water score and showed less diversity in taxonomy and cytogeny than other “outgroup” 
clades (Catalan e t al. , 1997). For example, Meliceae differ from the core Pooideae by 
having truncate lodicules and small chromosomes, but are classified as Pooideae on the 
basis of other shared morphological traits (Watson & Dallwitz, 1992). Although Stipeae 
are distinct from the core Pooideae in their three lodicules, reduced spikelets and small 
chromosomes, they are also still included into Pooideae (Clayton & Renvoize, 1986), 
with a controversial placement under Arundinoideae by other authors (Watson & 
Dallwitz, 1992). However, in spite of different standards for taxonomy and phylogeny, 
species richness and habitat traits grouped by taxonomy agreed with phylogenetic 
groups in most studies, indicating links between geographical distribution, 
morphological taxonomy and phylogeny. 
The differences between Chloridoideae and Panicoideae were due to evolutionary 
divergence in their tolerance of habitat wate r availability and shady conditions (Chapter 
2). In this study, for instance, Cynodonteae in  Chloridoideae (CC) had extremely small 
plant size, while Andropogoneae in Panicoide ae (PA) showed very large plant size. 
Similarly, the trait divergence between P ooideae and other subfamilies, as well as 
climatic factors, were all related with the regional distribution patterns in Inner 
Mongolia. 
 
Chapter 3  Distribution of grasses with climate gradients at the regional scale 
76 
 
3.4.4 Closer relationships between morphology and environment at the habitat 
than region a l level  
Phylogenetic dependences of the relationships between two traits were consistent with 
the results in Chapter 2. On the one ha nd, the scaling effects between morphological 
traits of Inner Mongolian grasses were s till largely phylogenetically independent by 
comparing the linear models with and wit hout phylogeny (Table 3.5). On the other hand, 
phylogenetic dependence between morphological  traits and environmental factors 
remained even higher than in Chapter 2 (Tab le 3.6), which indicated  that environmental 
factors had less power in explaining varian ce of plant traits, but strengthened the 
conclusion that phylogeny and environmental factor both played roles in explaining 
species distribution for smaller geographical regions. 
In exploring how plant morphological tra its and habitat water associated with 
climatic conditions, all three morphological traits correlated better w ith water score than 
MGT/MGP (Table 3.6). One reason for th e unsuccessful link between morphology and 
MGP can be widely distributed species, sin ce climate- and soil-i nduced adaptations of 
leaf traits occur mainly among species, not within species across Chinese grassland 
plants (not onl y grasses) (He  et al. , 2010). For example, wide ly distributed species 
would have a moderate mean value of MGP, leading to unclear associations with leaf 
traits which, themselves, were also average values. Another reason for a better link for 
morphology and water score was that mor phological adaptations showed closer 
relationships at the habitat level than at the regional level. As phylogenetic 
overdispersion would happen within a smaller scale (Cavender-Bares et al ., 2006), and 
niche conservatism was stronger within the region than within the community 
(Silvertown e t al ., 2006a), species will sort among habitats within a region, and be 
associated more closely with habitat wa ter conditions than with broad regional 
precipitation patterns. 
As a result, the regional case cannot provide complete explanations for how species 
sorting among habitats; more specific data from  habitats are needed to test how species 
turnover relates to ecology. At the same time , multiple factors should be involved at the 
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habitat level, such as soil water content a nd biotic competition, beside only climatic 
factors. 
 
3.5 Conclusi o n s 
Phylogeny and environmental factors together determine how different grass lineages 
distribute along climate gradients in Inner Mongolia. Lineages within Pooideae (the 
biggest grass subfamily) are wo rthy of further study, since they are the main sources for 
weaker phylogenetic signals. Scaling effect s of morphological traits still exist and 
depend moderately on phylogeny. At the hab itat scale, morphological traits have 
stronger and more phylogenetically dependent relationships with environmental factors 
than at the regional scale, indicating a greater involvement of environmental factors. 
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C h a p t e r 4 Distr i b u t i o n , biodi v e r s i t y a nd niche parti t i o n i n g of grass e s 
in the Hunsh a n d a k sandl a n d : a comm uni t y survey 
 
Following regional distribution patterns of grasses in Chapter 3, this chapter aims to 
find how grass species occur across habitat gradients and to define niche partitioning in 
communities from morphological to environmental traits. It begins by describing the 
environmental gradients in the Hunshandak sandland based on two community datasets. 
To find the factors determining species coexistence in communities, all the grass species 
in this area are reported, together with species occurrence, dominance by each species 
and biodiversity indices of each habitat. Next, habitat water availabilities based on 
different scales are compared to ascertain the coherence of environmental gradients in 
this area. Finally the involvement of plant traits in niche partitioning in the community 
is explored by principal component analysis (PCA), with niche partitioning represented 
by these main traits at the species level. 
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4 . 1 Introd u c t i o n 
It is well known that the distributions of plants are strongly constrained by climatic 
factors, such as temperature and rainfall. In previous studies, different subfamilies in 
Poaceae occurred in different regions. For example, most species of Pooideae exist in 
temperate regions, while members of Chloridoideae typically occur in tropical and 
subtropical areas, decreasing in frequency with increasing mean annual precipitation at 
the regional scale (Hartley & Slater, 1960; Edwards e t al. , 2010; Chapter 3). However, 
within a region there are smaller landscapes, where a much narrower range of 
temperature and rainfall constrains the species pool. Within a particular landscape, how 
these plants distribute will be affected more by habitat patches than by macroclimate. 
These habitats may have different mosaics of topography, soil water, soil nutrients, soil 
texture and microhabitats where species interactions occur. As elaborated in Chapter 1, 
all these physical and physiological constraints on species are defined as the ecological 
niche (Grinnell, 1917; Elton, 1946; Soberón, 2007). Niche parti tioning in plant 
communities is one of the basic theories for species coexistence (Shmida & Ellner, 1984; 
Silvertown, 2004), biodiversity maintenance and the complementary usage of nutrient 
and water resources (Cardinale e t al. , 2011). Therefore, studying niche partitioning in 
the field is essential to understand the distribution patterns of grass species from the 
region to landscape and habitat levels. 
In semiarid regions where water is a limited resource, soil water is the most 
important determinant of the structure and dynamics of plant communities (Sala et al ., 
1992). Previous studies on Mongolian grasslands have shown that temporal, spatial and 
seasonal distributions of water all affect species coexistence (Bai et al. , 2008). The rain-
use efficiency (RUE, biomass productivity divided by rainfall amount) increased with 
mean annual precipitation (MAP) across different steppe communities, but within a 
given community over 24 years, RUE decreased with annual precipitation, which 
reflected different water-use strategies at the regional and community scales (Bai et al. , 
2008). At the regional scale, RUE was determined by both abiotic resource gradients 
(e.g. precipitation and soil nutrients) and biotic responses from distinctive plant 
communities. In contrast, at the community scale, RUE was affected more by the 
response capability of the dominant species, for example, Leymus chine ns i s 
communities always had higher RUE than Stipa grandis communities (Bai et al. , 2008). 
In another study on three typical Mongolian steppe communities, soil moisture, plant 
water potential and hydrogen stable isotope ratios of both soil and plants were analysed, 
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finding that niche partitioning in water sources led to a large number of coexisting 
species (Yang e t al.,  2010). For example, Cleistogenes squarrosa  completely depended 
on summer rain water, but Leymus chinen si s would use deep soil water first, and then 
shift to rainwater. Using an experimental approach with plants in pots, Niu e t al.  (2008) 
showed that a C4 grass (C h l o r i s virgat a ) and a C3 grass (Leymus chinensi s ) had different 
growth and biomass allocation in response to interspecific competition and water 
seasonality.  
 Although water availability in the plant community was highly emphasized in all 
these studies, specific species responses were also highlighted. This leads to the 
hypothesis that phylogenetic species diversity might be another important factor in plant 
community assembly. A recent study on the leaf economic spectrum across Chinese 
grassland biomes reported that phylogeny (across all plant species, not only grasses), 
environment (climate and soil, site effect) and their interaction explained 27%, 29% and 
38% respectively of leaf  trait variation (He et al. , 2010). This work confirmed the 
importance of phylogeny at the regional level, but how these factors lead to niche 
partitioning within local communities remains unclear. Furthermore, variations among 
individuals and proportions of resource usage of one species determines the niche 
breadth of species (Feinsinger e t al. , 1981), which is another crucial factor affecting 
interspecific and genotype interactions (Genung e t al. , 2011). 
The Hunshandak sandland in Inner Mongolia was chosen for this community study. 
This area spans an ecological gradient from meadow steppe to dry steppe, and is one of 
the five major sandlands in China, mainly covered by moving dunes, fixed dunes, 
lowland meadows and wetlands, providing a mosaic of water availability gradients 
across the landscape. Investigation of the biogeographical distributions of grasses along 
environmental gradients in the Inner Mongolia region in Chapter 3 showed an important 
role of phylogeny in the distribution, morphology and habitat of grasses. The next 
logical question is whether equivalent ecological sorting exists for grass species 
amongst different habitats within the landscape, where the gradients are primarily in soil 
water content instead of precipitation. Therefore the main objectives of this chapter 
were: (1) to present basic information from community surveys, including 
environmental gradients, grass species distribution (occurrence) and biodiversity indices 
in different habitats; (2) to investigate which traits are important in driving niche 
partitioning and how they change across habitats.  
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4 . 2 Materia l s and methods 
4.2.1 Study area 
The field site is in the middle of the Hunshandak sandland, located in Bayin Hushuo 
Gacha in the Zhenglan Banner of Inner Mongolia, China. Around 2700 hm 2 land area 
(42°53.5'N ~ 42°57'N, 116°01'E ~ 116°08'E) has been fenced since 2001 to research 
and demonstrate methods of vegetation recovery and environmental protection, 
therefore there were no grazing effects. According to climate data from 1960 to 1999, 
from the Meteorological Bureau in the Zhengl an Banner, the prevailing climate is the 
temperate arid and semi-arid type, with annual mean temperature, average July and 
January temperatures being 1.8°C, 18.7°C a nd -17.9°C respectively. The area receives 
an annual precipitation of about 378 mm, 64% of  which is concentrated in July, August 
and September. Rainfall fluctuates from 150 mm in a dry year to 450 mm in a wet year. 
The main habitats are moving dune, fixed dune, lowland meadow and wetland. The 
main soil types include brown calcareous soil in the lowland meadow, deep sandy soil 
in the moving dunes and fixed dunes, and dark meadow soil in the wetland. 
 
4.2.2 Plot survey, species distribution and sampling 
There were two data sources in this chapter:  
 
1 ) Datas e t A: A 125-plot survey for all the species in 2004 
During prior literature review and field work design, I noticed that plot surveys in the 
same area were done by Song e t al.  in August, 2004. I contacted Song and obtained part 
of his survey data, including a species name list, plant cover and habitat type for all of 
the 125 plots. Although only 19 species of Poaceae were recorded from a total of 104 
plant species, these data offered a valuable background. 
To investigate species diversity and community types across habitats, plot surveys 
were carried out in the Hunshandak sandland in August 2004 by Song e t al.  from the 
Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of 
Sciences. Four typical habitats were chosen. For each 1× 1 m plot, plant cover and the 
height of all species were recorded and soil samples from 0~30cm were taken for lab 
analyses of soil pH, soil water content, soil total nitrogen content and soil organic 
matter content. In total, 125 plots were surveyed, including communities dominated by 
21 different species (Song e t al.,  2008). 
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2 ) Datas e t B:  Follow-up surveys and measurements in 2010 
Based on Song’s data, we carried out more comprehensive species distribution sampling 
and measurements in July and August, 2010. Although July and August are the rainy 
season of Inner Mongolia, 2010 was a very dry year, with 64.6 mm total precipitation in 
July, only half of the normal average value, according to the data from Meteorological 
Bureau in the Zhenglan Banner. 
From 11 July to 15 July, 2010, 12 sites of the four typical habitats were chosen for 
further study (Table 4.1). All available and distinguishable grass species from each site 
were collected as vouchers. After identifying those species, a distribution table of all 
grasses in the local area was made. The sites were then resurveyed, and three random 
samples were taken for each species that occurred in each habitat, i.e. if one species 
occurred in two or three habitats, we sampled six or nine replicate individuals for it. For 
two very rare and one early season species, only two individuals were available for each. 
In total, 147 individuals were recorded and sampled.  
 
Table 4.1 Field experimental sites information for Dataset B in the Hunshandak 
sandland. Habitat type: wetland, (lowland) m eadow, moving (dune) and fixed (dune). 
Site code Longitude (°E) Latitude (°N) Habitat types 
site004 123.23 47.78 wetland meadow 
site006 123.38 47.80 fixed 
site007 123.36 47.80 moving
site008 123.24 47.77 wetland meadow 
site010 123.45 47.81 wetland meadow 
site011 123.57 47.80 fixed moving
site012 123.36 47.79 fixed moving
site013 122.94 47.76 meadow 
site014 122.91 47.76 wetland
site015 122.97 47.74 fixed 
site016 122.98 47.75 fixed 
 
4 . 2 . 3 Basic morphol o g i c a l traits and habitat water status 
Dataset A: To use Song’s data, information for the 19 Poaceae species were extracted 
from the Flora of Inner Mongolia (Editorial Committee on Flora Intramongolica, 1998) 
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as described in Chapter 3, including morphological traits such as culm height, leaf 
length and width, and habitat water score based on the habitat description (see 
recalculation methods in Chapter 2). 
D a t a s e t B: From 25 July to 14 Aug, 2010, for each of the 147 individuals, we recorded 
relative species abundance (assessed by Drude’s scale, see Table 4.2B), together with 
neighbour number (within a 30cm radius), distance to the nearest neighbour and the 
tallest neighbour as biotic habitat traits. Quantitative measures of plant morphology like 
culm height, leaf height, leaf length and width, and the number of living leaves per tiller 
were made. Root depths for each species were referenced from Chen (1986), with five 
missing species measured in this study by excavating their roots in the field.  
 
4 . 2 . 4 All other measur e m e n t s in Dataset B 
4.2.4.1 Soil moisture and nitrogen content determin a t i o n 
For four different habitats, soil water content and soil bulk density were measured by 
sampling soil rings immediately adjacent to each sampled plant, and soil samples were 
taken for total nitrogen content measurements. 
For each individual, we dug the soil from the surface down to 30 cm depth, 
measuring soil moisture content of three layers (0-10cm, 10-20cm and 20-30cm) by a 
soil moisture probe (ThetaKit type TK3; Delta-T Devices Ltd, Cambridge, UK), then 
took soil samples of all three layers to the laboratory. Dried soil samples were ground 
by a ball mill (Mixer Mill MM 200; Retsch, Haan, Germany), and soil total nitrogen 
was measured through Kjeldahl determination (Kjeldahl, 1883) by using an Auto 
Distillation Unit (KejeltecTM 2200; FOSS, Denmark). 
 
4.2.4.2 Leaf and root traits 
One or two young mature leaves for each individual were cut at the ligule for water 
potential measurements, after which leaves were scanned on a flatbed scanner 
(PhantomF60; Microtek, Shanghai, China). During soil moisture measurements for the 
0-30cm depth of soil around each individual, only roots directly connected to the 
aboveground culms were taken. After carefully washing and filtering, only fine roots 
with diameter less than 1mm were selected and scanned.  
All the scanned images were imported into ImageJ (v.1.4.3, Broken Symmetry 
Software; Abramoff, 2004) to obtain leaf area and root length (Kimura et al. , 1999). 
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After scanning, leaf and root samples were oven dried and weighed. Specific leaf area 
(SLA) and specific root length (SRL) were then calculated. 
 
4 . 2 . 4 . 3 Leaf water potenti a l and stable isotope measure m e n t s 
Leaf water potential was measured in the field by using a psychrometer (PSYPRO; 
Wescor, Utah, USA) with C-30 Sample Chambers. Calibration was done before field 
work in an air conditioned laboratory (25°C) with a series of standard NaCl solutions. 
To keep the samples at a stable temperature condition (around 25°C) under strong 
sunlight, an insulated ice box was used together with the psychrometer, with a towel 
separating ice packs and sample chambers. 
Leaf samples were taken to the UK, where dried leaves were ground by using a ball 
mill (Tissuelyser, Retsch, Qiagen GmbH, Germany). Leaf carbon content and leaf 
nitrogen concentration, δ13C and δ15N were determined by using a stable isotope ratio 
mass spectrometer (PDZ Europa 20-20;  PDZ Europa Ltd, Cheshire, UK).  
 
4 . 2 . 4 . 4 Leaf stomata l indice s 
Pressed, dried leaves were immersed into distilled water in labelled test tubes overnight 
to rehydrate them. This method had previously been tested for greenhouse leaves in 
2009, showing that it forces the whole leaves and guard cells to be fully inflated, and 
produces images that are only slightly less clear than those from fresh leaves. However, 
for samples collected in the field and transported long distances, this was an acceptable 
compromise.  
Leaves were wiped dry and then dental putty (President Plus-light body, 
Coltène/Whaledent Ltd., Burgess Hill, We st Sussex, UK) impressions were quickly 
taken from the lamina located between the midrib and margin of each leaf. Next nail 
polish imprints were taken from the impressions. Both adaxial and abaxial surfaces 
were imprinted and made into permanent microscope slides (Thermo Scientific, Menzel 
Gläser, Braunschweig, Germany). Slides were  observed under an inverted microscope 
equipped with a digital camera (Leica Laborlux S, Wetzlar, Germany) and a 
computerized image analysis system (Leica Quantimet 500 Q win software). From each 
peel, three images were randomly chosen as replicates. Guard cell length (L), width of 
closed guard cell pair (W ) and stomata pore diameter (p ) were measured at 400× 
magnification; the number of stomata in each field of view (0.25 × 0.25 mm) was 
counted to calculate stomata density ( D ). Other stomatal indices were: 
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1) Stomatal size (S) is defined as the area of one closed guard cell pair. Stomatal pores 
of most species were just narrow slits and treated as closed, but for the few species with 
an opened stomatal pore, the width of closed guard cell pair was calculated by 
abstracting stomatal pore width.  
S = L∙W 
2) Total stomata pore area index (SPI) is a dimensionless index of stomata pore area per 
lamina area (Sack et al., 2003).  
SPI = D∙L2 
3) The maximum diffusive conductance to water vapour (gwmax) is used to estimate 
transpiration potential at the anatomical level (Franks & Beerling, 2009a).       =    ∙  ∙     ∕ ( +  2     ∕  ) 
where 
d is the diffusivity of water vapour in air at 25 °C (m2 s-1);  
v is the molar volume of air at 25 °C (m3 mol-1); 
D is stomatal density; 
amax is the maximum area of the open stomatal pore, estimated as π∙(p/2)2 where p is 
stomata pore length. Although in Franks and Beerling (2009a), p approximately equals 
half of the guard cell length, p was measured and used in this thesis.  
l is stomata depth for fully open stomata, approximated as W/2; 
π is the geometric constant. 
In this experiment, gmax was calculated for each side of the leaf, and final gmax was 
the total value for both leaf sides. This method was different from Taylor et al. (2012), 
where the lack of pore size data (p) led to the calibration of amax and S based on L and W. 
However, the relationships from their estimations that  L = 1.8∙W and amax = 0.4∙S were 
similar from my modelling that L = 1.6∙W and amax = 0.6∙S. Therefore, when only L and 
W are available, gmax was estimated in Taylor et al. (2012) by using simplified 
relationships L = 2∙W and amax = 0.4∙S for modelling purposes specifically for grasses. 
 
4.2.5 Statistical methods 
Raw data from the plot survey were imported into R (Ver. 2.12.1).  Basic statistics like 
counting and biodiversity indices were obtained, and multiple comparisons of means 
(post hoc tests, Tukey Contrasts) among different habitats were carried out. 
 
Chapter 4                                                                Niche partitioning of grasses at the community scale 
86 
 
4.2.5.1 Biodiversity indices  
1) Species richness = total species number in a given plot 
2) Relative cover = grass species cover/ total vegetation cover 
3) Relative frequency = individuals of single species/ total individuals 
4) Species importance value (IV) in the community (Curtis & McIntosh, 1951).  
IV = relative dominance+ relative density+ relative frequency 
However, when the above three indices were not all available, a modified IV could 
be used without one index. To keep IV comparable, the average values between 0 to 
1were used in this study.  
5) Shannon-Weaver index = −∑     / ln       
where Pi  is the relative abundance of species i in a sample of n species (Shannon & 
Weaver, 1949), but Pi  can be substituted by other available indices. 
 There were three biodiversity assessments: (a) Song’s direct results, (b) a grass-only 
data extracted from Song’s raw data and (c) my field survey data. For (a), species 
richness was the average value of “species number per plot” for each habitat, and Pi for 
Shannon-Weaver index was “relative cover per plot” (Song et al., 2008). However, for 
(b) and (c), four habitats were treated as four big plots for the limited grass species 
numbers, and Pi for Shannon-Weaver index was modified for (b) as (relative cover+ 
relative frequency)/2; and for (c) as (relative culm height+ relative abundance)/2. Given 
the available datasets, IV was modified here as the same value with Pi for Shannon-
Weaver index. 
 
4.2.5.2 Principal component analysis (PCA) 
PCA is a method to explore data with multiple factors. It extracts structure from 
underlying complex datasets, finding two or three main axes (principal components, 
PCs) from dozens of original variables. PCA builds linear combinations of the original 
variables and reduces the dimensionality by rotating data, in order to generate 
successive axes which account for decreasing variance (Abdi & Williams, 2010).  
In the PCA for my field data, average values of all variables for each species were 
calculated, and then these variables were divided into two groups, environmental and 
plant traits. Since every variable for PCA is required to be normally distributed, my data 
were first log-transformed, especially for skewed environmental traits. PCA was then 
carried out by using the R function prcomp (), with a correlation matrix for two groups 
of variables. There are many criteria to determine how many PCs should be investigated 
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(Jackson, 1993; Peres-Neto et al. , 2005), in this study an “ elbow ” where the slope of 
eigenvalues goes from steep to flat was found, then the posterior PCs whose variance 
explained are roughly equal were ignored (Abdi & Williams, 2010).   
 
4.3 Results 
4.3.1 Communit y structur e and enviro n m e n t a l  niche partit i o n i n g 
Dataset A 
Since the field data only included grass species, the descriptions of plant community 
structures of four habitats below were based on Song’s survey data, with the list of grass 
species (Table 4.2a). 
1) Moving and semi-moving dunes were occupied by pioneer communities 
comprised of S e t a r i a arenari a , Bromus ircutens i s , Agriophyllum pungens and 
Corispermun mongolicum , associated with Bassia dasyphylla  and Salsola collina . Soil 
and water conditions were poor, with average plant cover of 5% and surface moving 
sand erosion. 
2) Fixed dunes had high species diversity, mainly including A g r o p y r o n mongol i c u m , 
C l e i s t o ge n e s squarr o s a , P s a m m o c h l o a villosa , P o l y g o n u m divari c a t u m  and A r t e m i s i a 
intram o n g o l i c a . Soil was fixed with cover of 30~65%. 
3) Meadows were always in the lowland areas with good soil and water conditions 
and high cover of 50~85%. Typi cal grassland species like Leymus chinen s i s , Bromu s 
inermi s , Agropy r o n crista t u m , Stipa krylovi i , Leymus secali n u s , Artemi s i a frigid a and 
Saussurea amara were recorded. 
4) Wetlands were wet or saline swamps with a high underground water level, and 
average plant cover of above 60%. Dominant species were P u c c i n e l l i a tenuif l o r a , 
Phragmites communis, Calamagr ostis epigejos and Halerpe s t e s ruthen i c a , always 
associated with A g r o s t i s sibiri c a , Triglo c h i n palust r e , Sangui s o r b a offici n a l i s and 
Glaux maritima . 
There were strong gradients of soil pH, soil water content (SWC), soil total nitrogen 
content (SNC) and soil organic matter content (SOC) along the four habitats. All indices 
increased from dunes to meadow, and peaked in the wetlands, but were not significantly 
different between the moving dune and fixed dune except in the soil pH (Figure 4.1). 
Since SNC had a very clear positive relationship with SOC, the decision was made in 
my field work to measure only SWC and SNC instead of all the four indices.  
 
Chapter 4                                                                Niche partitioning of grasses at the community scale 
88 
 
 
Figure 4.1 (A) soil pH, (B) soil water content, (C) soil total nitrogen content and (D) 
soil organic matter content of four habitats in the Hunshandak sandland, Inner Mongolia. 
Redrawn from data of Aug 2004 (Song e t al. , 2008). 
 
Dataset B 
SWC also showed gradients from the moving, fixed dunes to the meadow and wetland 
(Figure 4.2A). The higher SWC of the first soil layer in the moving dune was due to an 
unexpected rainfall event (Figure 4.2D). Soil bulk density (SBD) indicated soil texture, 
i.e. higher SBD in the moving dune (mineral sand) and lower SBD in the meadow 
(organic soil) (Figure 4.2BE). Since the meadow had uneven faeces patches on the soil 
surface and the wetland had silt in lower soil layers, the meadow had the highest SNC 
and the wetland the second highest (Figure 4.2C). It was different in Dataset A, where 
SNC in wetland was the highest, four times as much as here (2.5 g kg-1 against 0.6 g kg-
1). The reason was that Dataset A sampled all aquatic plants, whereas Dataset B only 
measured grasses, which grew near but not in the pool so that soil samples contained 
less nitrogen-rich silt. 
Although SWC and SBD showed relatively even vertical distributions across three 
soil layers, the large variation of SNC revealed interesting patterns (Figure 4.2F). First, 
the difference of SNC between “green land” (the meadow and wetland) and “sand land” 
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(the dunes) was much bigger than that of SWC, indicating the influences from either 
decomposition of plants or faeces of animals. Second, the difference of SNC between 
the first soil layer and the second soil layer was much bigger than that of SWC, showing 
the lower mobility of nitrogen than water (Figure 4.2DF). 
 
Figure 4.2 Soil environmental traits of the four habitats for 0~30 cm (l eft) and three soil 
layers (right). Indices are (A, D) soil water content; (B, E) soil bulk density and (C, F) 
soil total nitrogen content. Sample numbers are shown at the bottom of bars. The results 
of multiple comparisons via a Tukey HSD test are shown on the top of bars.  
 
The biotic environment also showed gradients across habitats (Figure 4.3). The 
density of the plant community increased from the dunes to the wetland, while the 
values for the meadow and the wetland showed no difference, mainly because plant 
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individuals in the wetland were larger and occupied more space than those in the 
meadow (Figure 4.3AB).  However, there were several large species with tall culms and 
deep roots in the moving dune, so average root depth was highest in this habitat. But the 
sparse species in the moving dune implied that neighbour competition should not be as 
strong as in other habitats. 
 
Figure 4.3 Biotic environmental traits of the four habitats: (A) distan ce from the nearest 
plant, (B) neighbour density, (C) tallest neighbour and (D) grass root depth. Multiple 
comparisons results (Tukey HSD) are shown on the top of the bars, while sample 
numbers are indicated at the bottom of the bars. 
 
Different habitat niches can be defined from the combination of abiotic and biotic 
environment factors (Figure 4.4). SNC had a roughly positive relationship with SWC, 
the slope of the meadow was similar as that of the wetland but the intercept was higher 
for the meadow. Height of neighbours tended to increase with SWC except for Chloris 
virga t a  and E r a g r o s t i s minor  with short neighbours in the meadow. Neighbour height 
also increased with neighbour density. Meanwhile, distance to the nearest neighbour 
was inversely related with neighbour density, so neighbour density was used as a proxy 
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for community density. However, no clear differences can be found across habitats for 
the last three relationships. 
 
Figure 4.4 Relationships between abiotic and biotic environment factors. (A) SWC with 
SNC, (B) tallest neighbour with SWC, (C) tallest neighbour with neighbour density and 
(D) distance to the nearest neighbour with neighbour density. Each point represents one 
species in each habitat. Data are mean ± SD, n  = 3. Habitats are moving dune (black), 
fixed dune (red), meadow (blue) and wetland (green). 
 
4 . 3 . 2 Grass specie s distri b u t i o n  
In Dataset A, the 19 grasses belong to four subfamilies and eight tribes (Table 4.2a). The 
relative cover for each grass species along the water gradients did not show any 
consistent trend: some increased with higher water and nutrient conditions, others 
fluctuated and several decreased when water and nutrient increased. Species occurrence 
indicated that some species had very high frequency in a specific habitat, but not with 
high cover. Therefore importance values (IV) were used to characterize the importance 
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of each species in the community, which gave the first three species as Se t ar i a arenar i a , 
Leynus secalin u s  and P hr a g m i t e s austra l i s (Table 4.2a).  
In Dataset B, there were 32 species belonging to four subfamilies, and nine tribes 
(Table 4.2b). There were no general trends for single species along the water gradients 
either, and even the same species in Dataset A and B failed to show consistent patterns. 
The first three species with high IVs in Dataset B were Leynus secali n u s , Calamagrostis 
epige j os and Bromus inermi s (Table 4.2b).  
However, the average values of four habitats could conceal habitat preference for 
each species. For example, S e t a r i a arenar i a had the highest IV, but it only dominated in 
the moving dune. Therefore traits within species were analysed later.  
 
Table 4.2 Grass species distribution in the Hunshandak sandland for (a) Dataset A and 
(b) Dataset B. Importance value (IV) in (a) equals (relative cover+ relative 
occurrence)/2; and in (b) equals (relative culm height+ rela tive abundance)/2. The first 
three dominant species (highest IV) are in bold.  
( a)  Dataset A 
   
IV 
Relative cover (%)  
& occurrence (plot counts) 
Species Subfamily Tribe Symbol  
Moving 
dune 
Fixed 
dune 
Meadow Wetland 
Phragmites australis Arundinoideae Arundineae Aru 0 . 0 9 5  1.5(3) 35.6(2) 23.9(13) 
Cle i stoge ne s squarrosa Chloridoideae Eragrostideae CE 0.073  7.3 (18) 11.7(34) 0.9(1) 
Setaria arenaria Panicoideae Paniceae PP 0 . 1 6 4 47.5 (6) 8.6 (7) 1.4(1)  
S e t a r i a virid i s 0.033  5.1 (2) 49.4(1)  
Alopecurus aequalis Pooideae Aveneae PoA 0.02    5.6(5) 
C a l a m a g r o s t i s epigej o s 0.05  1.7 (2) 9.0(4) 28.4(5) 
Koeleria crist a t a 0.005  0.9 (2)   
Bromus inermis Bromeae PoB 0.069 20.0 (1) 1.0 (1) 41.0(23) 0.6(1) 
B r o m u s ircute n si e 0.064 12.5 (1) 29.2 (5)   
P o a ochot e n s i s Poeae PoP 0.003   5.4(1)  
P u c ci n e ll i a tenuif l o r a 0.053    11.0(17) 
A c h n a t he r u m publical y x Stipeae PoS 0.018  60.0 (1) 2.6(1)  
A c h n a t he r u m splende n s 0.008  1.1 (1) 3.9(2)  
Psammochloa villosa 0.007  2.4 (3)   
S t i p a krylov i i 0.016   15.2(12)  
Agropyron cristatum Triticeae PoT 0.077  17.3 (16) 13.4(32)  
A g r o p y r o n mongol i c u m 0.045  18.1 (7) 3.5(3) 8.3(2) 
Leymus chine n sis 0.091  3.8 (5) 19.1(46) 14.5(6) 
L e y nus sec alinus 0 . 1 0 7 5.7 (1) 39.5 (1) 18.0(2) 20.3(4) 
 
Chapter 4                                                                Niche partitioning of grasses at the community scale 
93 
 
( b )  Dataset B   
 
IV 
Culm height (cm)  
& relative abundance† 
ID Species Subfamily Tribe Symbol  
Moving 
dune 
Fixed 
dune 
Meadow Wetland 
s01 Phragmites australis Arundinoideae Arundineae Aru 0.061 77 (5) 114(6) 
s02 Chloris virgata Chloridoideae Cynodonteae CC 0.004 16(1) 
s03 Cle i stoge ne s squarrosa  Eragrostideae CE 0.016 11(1) 9(2) 
s04 Eragrostis minor   0.004 10(1) 
s05 Panicum miliaceum* Panicoideae Paniceae PP - 
s06 S e t a r i a virid i s   0.046 4(2) 25(2) 20(3) 
s07 Agrostis div aricatissima  Pooideae Aveneae PoA 0.038 95(7) 
s08 A v e n a chine n si s*   - 
s09 Beckmannia syzigachme   0.010 44(1) 
s10 C a l a m agrostis epigejos   0 . 1 0 8 41(3) 33(1) 66(3) 90(4) 
s11 D e y e u xi a neglect a   0.013 73(2) 
s12 Koeleria crist a t a   0.028 34(2) 69(3) 
s13 Bromus inermis   Bromeae PoB 0 . 0 8 1 29(3) 30(2) 54(3) 
s14 P o a subfast i g i at a  Poeae PoP 0.019 68(1) 36(1) 
s15 P o a angusti f o l i a    0.021 51(1) 
s16 P o a paucifol i a    0.009 28(3) 
s17 P o a pachy a n t h a    0.018 55(3) 
s18 P u c c i n e l l i a haupt i a n a   0.006 20(1) 
s19 
P u c ci n e ll i a 
macranthera  
  
 
0.029 
   
122(3) 
s20 P u c ci n e ll i a distans   0.014 44(4) 
s21 A c h n a t he r u m splende n s  Stipeae PoS 0.018 145(1) 
s22 Achnathe rum sibiricum   0.032 44(1) 80(2) 
s23 Psammochloa villosa   0.079 135(2) 
s24 Stipa baicalensis    0.011 47(3) 
s25 Agropyron cristatum  Triticeae PoT 0.062 54(3) 51(3) 87(1) 
s26 E l y m u s tanguto r u m   0.030 76(2) 82(1) 
s27 E l y t r i gi a repe n s   0.043 59(4) 
s28 
Hordeum 
brevis u b u l a t u m 
  
 
0.031 
  
55(4) 78(1) 
s29 Horde um roshe v itzii    0.014 59(3) 
s30 H o rde u m vulgare *   - 
s31 L e ymus sec alinus   0 . 1 0 5 81(2) 81(2) 77(2) 
s32 Leymus chine n sis   0.050 56(2) 57(6) 
† Relative abundance follows Drude’s scale in a decreasing order. soc = 7, dominant species, > 
90% cover; cop3 = 6, very abundant, 70~90% cover; cop2 = 5, many individuals, 50~70% 
cover; cop1 = 4, 30~50% cover; sp = 3, small number individuals, 10~30% cover; sol = 2, very 
few individuals, < 10% cover;  un = 1, several individuals. 
* Three crop species were not included  in IV calculation in Dataset B. 
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4.3.3 Biodiv e r s i t y compa r i s o n 
There were 19 grass species in Dataset A, 15 of which were from Pooideae and three C4 
grasses from Chloridoideae and Panicoideae (Cleistogenes squarrosa, Setaria arenari 
and Setaria viridis ). This corresponded to the proportions in both the Flora of Inner 
Mongolia (203 Pooideae, 55 C4 species out of 265 grasses) and Dataset B (26 Pooideae, 
5 C4 species out of 32 grasses), all of which included ~80% Pooideae species and ~16% 
C4 species in the local grass species pool. Due to the emphasis on phylogeny rather than 
photosynthetic type in previous chapters, and the limited number of C4 grasses in the 
Hunshandak sandland, the primary focus hereafter is on phylogenetic lineages.  
In Dataset A, species richness and Shannon-Weaver index were highest in the fixed 
dune for all plant species (Table 4.3a). Grass-only data were consistent with this, 
although the calculation method was a little different (Table 4.3b). However, in Dataset 
B both species richness and Shannon-Weaver index were highest in the meadow (Table 
4.3c). Despite biodiversity and soil gradients along the four habitats, no significant 
correlations of biodiversity indices were found with soil factors, including soil pH, 
SWC, SNC and SOC in Song’s analyses.  
 
Table 4.3 Species richness and Shannon-Weaver index of the four habitats in the 
Hunshandak sandland. (a, b) Dataset A, from Song e t al.  (2008) based on relative cover 
and relative occurrence and (c) Dataset B, from my community survey based on relative 
culm height and relative abundance. Standard errors are not shown.  
 Moving dune Fixed dune Meadow Wetland 
(a) Dataset A: All the species 
Species richness/ plot 5 11 8 7 
Shannon-Weaver index 0.95 1.61 1.40 1.18 
(b) Dataset A: Grass-only 
Species occurrence 4 15 14 9 
Shannon-Weaver index 1.12 2.41 2.28 1.94 
(c) Dataset B  
Species occurrence 5 10 21 12 
Shannon-Weaver index 1.53 2.22 2.97 2.35 
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The proportion of grass to the total vegetation cover can reveal biodiversity 
differences (Figure 4.5). Although the wetland had the highest total plant cover, it did 
not have highest grass cover because more than half of the wetland plants were not 
grasses. Meanwhile, the meadow and the fixed dune had similar total plant cover but the 
meadow had much greater grass cover. The moving dunes had both the lowest total 
plant cover and the lowest grass cover. 
 
Figure 4.5 Plant cover of all plant species and grass species per plot of the four habitats 
in the Hunshandak sandland. Multiple comparisons were taken for both vegetation and 
grass. Sample numbers are shown at the bottom of each bar. Recalculated based on 
Song’s raw data. 
 
4.3.4 Habita t water availa b i l i t y compar i s o n 
For Dataset B, mean annual precipitation (MAP) for the area occupied by each species 
in the Inner Mongolia region showed a positive relationship with habitat water score 
based on the flora, although the slope was not large (Figure 4.6a). The consistence of 
SWC measured in the field with water score based on the flora was also confirmed, with 
a significant linear regression (Figure 4.6b).  
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Figure 4.6 For Dataset B, the relationships between habitat water score and (A) mean 
annual precipitation (MAP) and (B) SWC for grass species in the Hunshandak sandland. 
MAP and water score were from Chapter 3; SWC were from my field data.  
 
4 . 3 . 5 Niche partitio n i n g among species 
Principal component analysis (PCA) on environmental niches showed that species could 
be grouped by abiotic factors first, then biotic factors (Figure 4.7, 4.8).  
The first principal components (PC) of environmental niches indicated that the main 
factors were SWC of the second and third soil layers (10~20cm and 20~30cm). The 
second PC showed that neighbour density, soil root depth and neighbour height were 
important factors (Figure 4.7A). The third and fourth PCs were SWC of the first layer, 
SNC of the second layer and relative abundance (Figure 4.7B). 
For the whole set of plant morphological traits, there were no two or three main 
factors that explained most of the variance, but PCA hinted at the directions for 
grouping. The first PC was mainly from leaf traits, including single leaf dry weight, leaf 
length, leaf area and culm height. The second PC was basically stomatal traits, 
including stomatal density, guard cell length from both leaf sizes, together with leaf 
numbers per tiller (Figure 4.8A). The third PC indicated stomatal width and root depth. 
The fourth PC related with leaf carbon content, specific root length and leaf nitrogen 
content (Figure 4.8B). PC values for all the species are used later for phylogenetic tests. 
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Figure 4.7 PCA for environmental niches of grass species in the Hunshandak sandland. (A) the first and second principal components (PC), (B) 
the third and fourth PCs. Proportions of variance explained by each PC are reported, with 83% cumulative proportion for the fir st four PCs. 
Abbreviations are: SWC1, 2, 3, soil water content for 0-10, 10-20, 20-30cm soil layers; SNC, soil nitrogen content; nearestn, nearest neighbour 
distance; neighbord, neighbour density; tallestn, tallest neighbour height; abundance, species relative abundance; soilrd, soil root depth. 
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Figure 4.8 PCA for morphological traits of grass species in the Hunshandak sandland. (A) the first and second PCs, (B) the third and fourth PCs. 
Proportions of variance explained by each PC are reported, with 79% cumulative propor tion for the first four PCs. Abbreviations are: culm, culm 
height; lfarea, leaf area; lfdry, single leaf dry weight; lfl, leaf length; lfw, leaf width; lfn, leaf number per tiller; lfC, leaf carbon content; lfN, leaf 
nitrogen content; rootd, root depth; SLA, specific leaf area; SRL, specific root length; std, stomatal density; stl, guard cell length; stw, stomatal 
width. 1 and 2 of stomatal indices means adaxial and abaxial leaf side respectively.  
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4 . 3 . 6 Niche breadth within species  
The data for individuals of each species in Dataset B provided an opportunity to explore 
niche breadth within species. Based on PCA results, SWC and neighbour density were 
chosen to characterize environmental niches, while culm height and guard cell length 
were used to quantify morphological niches (Figure 4.9).  
Although SWC and neighbour density increased from the dune to the meadow and 
the wetland (Figure 4.2A, 4.3B), this was not the case for all the species. Firstly 19 
species existed only in one habitat type. For SWC of other 13 species, seven increased 
and six kept relatively constant along habitat gradients. In contrast, for neighbour 
density, five showed a decreasing trend, seven increased and s03 ( Cleistogenes 
squarr o s a ) did not vary along habitat water gradients (Figure 4.9A).  
For morphological niches within species, culm height of most species became taller 
or kept relatively constant following habitat water gradients, except s14 (Poa 
subfastigiata ), which became shorter from the meadow to the wetland. Guard cell 
length remained constant for most of the species, but increased in two species s10 and 
s28 ( C a l a m a g r o s t i s epigejos  and H o r d e u m brevi s u b ul a t um ) and decreased in three 
species s12, s14 and s22 (Koeleria crist a t a , Poa subfas t i g i at a  and A c h n a t h e r u m 
sibir i c u m ) with habitat water gradients (Figure 4.9B). Two extreme species in the 
wetland were worth noting, s19, P u c c i n e l l i a macra n t h e r a , was a hydrophyte with a very 
dense population and tall culms; and a congener, s18, Puccinellia hauptiana , was also 
hydrophyte but consisted of tiny plants dispersed in water margins. 
Within the 21 meadow species, eight also occurred in the dunes and seven also 
existed in the wetland. Paired comparisons of the eight/seven species gave significant 
differences between the dune/wetland and the meadow for all four traits in Figure 4.9, 
which obviously was a habitat effect (all P  < 0.05). Two additional hypotheses were 
tested on the four traits for the niche breadth: (1) wetland species would occupy wetter-
than-average microsites within the meadow; (2) dune species would occupy drier-than-
average microsites within the meadow. Comparisons of the mean values of these 21 
species with the eight/seven species within the meadow did not show any differences 
for all the above four traits (all P  > 0.05). For example, SWC for seven wetland-
dwellers was 23.7%, much highe r than these seven species in the meadow as 17.8%, but 
the average SWC in the meadow was 16.8%, wh ich failed to show any wetter microsite 
preferences in statistics, although some species like s01 ( P h r a g m i t e s austra l i s ) did live 
in high SWC microhabitats in the meadow (Figure 4.9A). 
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Figure 4.9 Niche breadths of each grass species along the four habitats in the 
Hunshandak sandland: (A) SWC (white bars) and neighbour density (black bars), (B) 
culm height (white bars) and guard cell length (black bars). Habitats are in the order of 
increased average SWC:  A, moving dune; B,  fixed dune; C, meadow; D, wetland. Data 
are means from three individuals, standard errors are not shown. Species name list is in 
Table 4.2b.  
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4.4 Discussion 
4. 4 .1 Quanti f y i n g niche parti ti o n i ng in the plant communi t y  
Niche partitioning indicates that species living in different environmental niches have 
different morphological traits (Silvertown, 2004; Chase & My ers, 2011). Evolutionary 
history provides a local species pool for environmental filtering and niche partitioning, 
as the result of density competition, morphological plasticity and even convergent 
evolution for local species (Webb e t al ., 2002). In this chapter, to quantify niches along 
environmental gradients, SWC and SNC were used to characterize the abiotic 
environment, the Eltonian niche; while neighbour density, tallest neighbour, distance to 
the nearest neighbour and root depth were used to quantify the biotic environment, as 
the Grinnellian niche (Figure 4.4; Chapter 1.5.1).  
For the abiotic environmental variables, PCA indicated that the 20~30cm layer of 
SWC and the 10~20cm layer of SNC were the main components. This was consistent 
with the idea that water at depth and nitrogen in the surface layer are most important for 
sorting species in this landscape. Previous detrended canonical correspondence analysis 
(DCCA) of plant communities in the same area showed similar results that ground water 
level and soil pH as the first DCCA axis, followed by total nitrogen and soil organic 
matter were important discriminants of habitats (Song & Guo, 2007). These results 
indicated that species sort into different niches along soil resource gradients using water 
and nutrient resources complementarily (Cardinale e t al. , 2011), which agreed with 
previous studies in Inner Mongolia (Yang e t al. , 2010).  
For the biotic environmental variables, the three neighbour-related indices and root 
depth all indicated competition intensity. Neighbour density increased with species 
richness and tallest neighbour (Figure 4.4), which indicated that higher species number 
was associated with more individuals and stronger competition for light (Tilman e t al ., 
1997). These biotic factors also showed strong correlations with abiotic factors, 
showing the combination of these two aspects in differentiating niche gradients.  
For the plant morphological traits, the first PC consisted of leaf biomass and leaf area 
related traits, then culm height, emphasising again that leaf and plant size were 
important in grouping grass species as shown in Chapter 2 and 3, as well as that closely 
related species used different strategies to cope with neighbours to get niche 
complementarity (Gubsch e t al ., 2011). For example, in the wetland, s19, P u c c i n el l i a 
macranthera  has a very dense population and tall culms in or around water; but a 
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congener, s18, P u c c i n e l l i a haupti a n a  is tiny and dispersed near water margins. Stomata 
related traits were also useful in classifying among subfamilies as in Chapter 2 and 
previous study (Taylor e t al. , 2012). As a result, these “k ey traits” are useful for 
describing how species distribute in a community along environmental gradients. 
 
4.4.2 Niche breadth and phylogen y in  grass species distribution 
Just as niche partitioning or overlap defines distribution patterns among species, niche 
breadth describes variation among the individuals of one species (Feinsinger et al. , 
1981). Species with narrow niche breadth stay in only one habitat or similar 
microhabitats. For example, 19 species only occurred in one habitat (Table 4.2b). 
Although one meadow species is likely to be recorded as “mesophyte”, individuals of 
this species may prefer drier or wetter patches within the meadow. For species with a 
wide niche breadth, individuals exist in different microhabitats with different 
phenotypes. Again one species may appear across habitats, or occupy both drier and 
wetter places within the meadow, with phenotypic adaptations in morphological or 
physiological traits. Since species occurrence and plant traits depended on both 
genotype and environment, niche breadth needs to be investigated.  
Grass species had very different strategies in contrasting habitats. For example, 
shallow roots were found for most grasses in the wetland margins, but both very 
shallow and very deep roots existed in the fixed or moving dunes. Since root depth is an 
absolute value in this analysis, shoot-root ratio was compared, showing a species effect 
rather than habitat effects, i.e. Cleistogenes squarrosa  had extreme low shoot-root ratio 
in the fixed dune; but Ph r a g m i t e s austr a l i s  and Leymus chinen s i s  had high shoot-root 
ratio in all the habitats, which matches an earlier report (Liu e t al. , 2003). Also within 
the meadow, no significant environmental differences (e.g. SWC, neighbour density) 
were found between species that also occurred in dune or wetland and the community as 
a whole, indicating that these species had wide niche breadths. Therefore individuals 
within species did not sort within habitats according to environmental and 
morphological traits (no environmental filtering on traits measured in this study), but 
occupied a broad niche and showed phenotypic acclimation.  
 
4.4.3 Water availability and phylogeny in grass species distribution 
Water availability was represented by three indices, mean annual precipitation (MAP) at 
the regional scale, water score at the habitat scale, SWC at the microhabitat scale and 
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they showed consistent relationships across the sampled species in the Hunshandak 
sandland (Figure 4.6). This indicates that species with an overall habitat preference for 
wet habitats (high water score) occurred in high rainfall regions (MAP) and also wetter 
parts of the landscape (SWC). It is important because different scales can be linked 
through the same or similar index, especially water score, which was used throughout 
the thesis.  
Two noticeable patterns in both datasets revealed that water availability was not the 
only important factor related with grass species distribution. Firstly, species richness 
and diversity did not follow the water gradient, with highest values in the fixed dune or 
the meadow, but not in the wetland. This implied that species richness was more related 
with other factors like vegetation cover or SNC rather than water availability. However, 
at the regional scale, plant species richness increased with increasing MAP (Bai et al. , 
2008). A possible explanation might be that the fixed dune and the meadow had more 
diverse microhabitats and unstable patches than the wetland, and thus high 
environmental heterogeneity for more species to coexist (Cardinale e t al. , 2007). 
Alternatively, water logging may represent an environmental limitation on species 
occurrence at the wet end of the gradient. 
Secondly, within each grass species, there was no evidence for the preference of 
wetter habitats, neither from relative cover nor occurrence frequency. The fact that some 
species were exclusively in one habitat while others were widely dispersed with wide 
niche breadths indicated strong specific environmental adaptations. Therefore more tests 
from a phylogenetic perspective and the ecological mechanisms for phenotype 
adaptations were needed. 
 
4 . 5 Conclusi o n s 
Water and nutrient conditions improved from the dunes to the meadow and the wetland 
in the Hunshandak sandland. The distribution of grass species across habitats in the 
plant community showed species-dependent ecological sorting. Since niche partitioning 
was quantified by abiotic, biotic environment and plant traits, PCA results indicated 
SWC, neighbour density and leaf/culm traits were the main driving factors for abiotic, 
biotic and plant niches, respectively. Although habitat water conditions occupied by 
each species were consistent from the regional to landscape to microhabitat scales, most 
species had wide niche breadths, so that individuals within species showed no clear 
patterns of sorting within  habitats.  
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Chapte r 5 Phylo g e n e t i c patte r n s in  the morph o l o g y , ecoph y s i o lo g y and 
ecolo g y of grass e s in the Huns h a n d a k sandl a n d : a field study 
 
This chapter reports the same field study as in Chapter 4, but further develops the 
investigation on plant traits and ecophysiological mechanisms. First, it explores niche 
partitioning and plant traits from a phylogenetic perspective, with phylogenetic tests of 
environmental and plant traits conducted to evaluate the importance of phylogeny in the 
sorting of grass species and traits among habitats. Next, the scaling of plant traits and 
the relationship between plant traits and environmental factors are explored, together 
with tests of phylogenetic dependence to compare with global and regional data. Finally 
leaf water potential and leaf stable isotope composition are analysed by using the same 
approach to test associations between morphological and ecophysiological traits.
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5 . 1 Introd u c t i o n 
In Chapter 4, field surveys in the Hunshandak sandland recorded niche partitioning for 
both environmental and morphological traits of grasses in four distinctive habitats, 
demonstrating the ecological sorting of species. However, whether the variation in 
environmental associations and plant traits among species were also phylogenetically 
dependent is still unclear. The mechanisms underlying niche partitioning also need to be 
found, e.g. which traits adapt species to particular microhabitats, or allow species to 
occur widely.  
Phylogenetic analysis can address the above questions by exploring the degree of 
phylogenetic dependence for a series of environmental and plant traits within a regional 
species pool. Phylogenetic analysis have previously been used for testing PNC (Wiens 
& Graham, 2005; Losos, 2008), phyloge netic trait evolution (Kraft e t al. , 2007), and 
plant community assembly (Webb e t al. , 2002; Cavender-Bares e t al ., 2009). There are 
lots of different phylogenetic models and no consistent methods at present (Cooper e t 
al. , 2010). Phylogenetic beta diversity was advanced to merge phylogenetic branch 
length into the calculation of biodiversity for communities (Graham & Fine, 2008). 
Another framework has integrated phylogenetic structure, functional traits and the 
abundances of each species in meta-community analysis, but PNC was not supported 
for Brazil campos (Pillar & Duarte, 2010).  Then for two English meadows, 
phylogenetic distances of grass species were linked with water niche partitioning and 
niche overlap (measured by sum exceedance values), but no phylogenetic signals were 
found in niche structure (Silvertown et al. , 2006). The disappearance of PNC at the 
community level indicates that phylogenetic overdispersion is likely to happen, and that 
niche conservatism is stronger within the region than within the community (Cavender-
Bares e t al ., 2009). Therefore it is of interest to test whether PNC exists in the temperate 
steppe. This analysis was based on Pagel’s lambda (Pagel, 1999), which interprets 
strong phylogenetic signals as strong conservatism for tested traits (Freckleton e t al. , 
2002) and has already been used throughout this thesis for comparative purposes. 
When considering adaptation mechanisms, plant morphological traits become more 
important in affecting species distribution at smaller scales, especially culm height, leaf 
weight, leaf area, root depth and stomatal size (Chapter 2, 3 and 4). For example, soil 
heterogeneity led to different strategies of clonal morphology of a dominant grass 
Elymus repens , and therefore different spatial patterns in a local community (Pottier & 
Evette, 2011). In an artificially assembled grassland community, grasses increased stem 
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mass fraction, shoot and leaf length, specific leaf area (SLA), as well as reduced leaf 
carbon isotope (δ13C) values to compete with neighbours for light and nutrient 
acquisition, achieving niche partitioning and complementarity as species numbers 
increased (Gubsch e t al ., 2011). One previous study on root depth in the Hunshandak 
sandland showed that root depth always had a negative relationship with leaf osmotic 
potential (based on all species in the local community, including trees) and became less 
negative following water gradients from the sand dunes, to the meadow and the 
wetlands (Liu e t al. , 2003). However, this relationship was weaker for Poaceae-only 
data, indicating that grasses had different strategies in different water conditions.  
Ecophysiological traits should also be involved for studies on adaptation mechanisms. 
For example, the intrinsic water use efficiency (iWUE) of C4 species is double that of 
C3 species of grass and shrub along the Northeast China Transect (Yu e t al. , 2005). This 
study also reported that C4 species occurrence in degraded sites was more than double 
than in non-degraded sites, and that dominant C4 species in saline-alkaline areas tended 
to have higher iWUE than those in sandy shrub communities.  
Carbon isotope ratio (δ13C) and nitrogen isotope ratio (δ15N) of plants can be used as 
indicators of carbon, water and nitrogen relations at different scales, from individual 
leaves, to entire plants and whole ecosystems, from instantaneous gas exchange to long-
term studies (Dawson e t al ., 2002). The contrasting differences of δ13C between C3 and 
C4 plants is caused by different isotopic discrimination during photosynthesis; C4 plants 
have a CO2 concentrating mechanism and low stomatal conductance and always have a 
lower discrimination and less negative δ13C values of between -9.0 and -15.0 ‰, while 
C3 plants have greater discrimination and lower δ13C values of between -22.0 and -37.0 ‰ 
(Farquhar et al ., 1982). Less negative δ13C values among C3 species indicate higher 
water use efficiency (WUE) and greater capability for plants to cope with environmental 
perturbations, like disturbance or drought (Schulze et al ., 1998; Chen e t al ., 2005). 
However, since δ13C values of C4 plants are insensitive to water availability (Farquhar 
e t al ., 1982; Hattersley, 1982), the correlation between δ13C values and water 
availability (e.g. precipitation) is often obscure for these species (Schulze et al ., 1996; 
Swap e t al ., 2004).   
Meanwhile, δ15N provides information about nitrogen cycling within ecosystems 
(Högberg & Alexander, 1995; David, 2001), as well as nutrient and water availability 
on different spatial and temporal scales (Tilman, 1988; Swap et al ., 2004; Liu et al ., 
2007). For water availability, it has been demonstrated that decreased precipitation 
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always leads to an enrichment of foliar δ15N, especially in arid regions, because in 
dry/hot ecosystems more N flows from organic to mineral N pools through greater N 
mineralization (Handley e t al ., 1999; Swap e t al ., 2004). A counter argument is that low 
water availability would decrease the ability of photosynthesis (C assimilation), 
resulting in the reduction of N assimilation and a positive relationship between water 
availability and δ15N (Zhao e t al ., 2009). However, spatial differences in nitrogen 
availability and root/microbial distributions, as well as multiple assimilation events had 
to be considered in the plant-microorganism competition (Hodge e t al. , 2000; Evans, 
2001). For the relationship between δ13C and δ15N, a study on sand-binding 
microhabitats in China showed that δ13C and δ15N had a negative relationship for C3 
non-leguminous plants, but a positive relationship for both C3 leguminous plants and C4 
plants (Zhao e t al ., 2009). These conflicting results suggested that more studies on the 
relationship between water availability or δ13C and δ15N for grasses in semiarid steppe 
are necessary. 
In this chapter, the main questions were: 1) will phylogenetic signals become weaker 
for the scaling effects and the relationships between plant and environment at the 
community level? 2) do ecophysiological traits like leaf water potential (Ψ) and stable 
isotope values show adaptation or phenotypic plasticity along the environmental 
gradients? To address these questions, a phylogenetic tree was built and phylogenetic 
tests were carried out for plant and environmental traits.   
 
5 . 2 Materia l s and methods 
5.2.1 Communit y survey and measurem e n t s 
Details are provided in Chapter 4.2 for Dataset B. 
 
5 . 2 . 2 Phyloge n e t i c tree and lambda test 
A phylogenetic tree was constructed in Mesquite (v.2.74, Maddison & Maddison) to 
match all 32 species in the field survey, and then was labelled in Fig Tree (v1.3.1, 
developed by Andrew Rambaut) as shown in Figure 5.1. 
Since all vouchers were identified to species, a tree can be built based on published 
phylogenies of Poaceae lineages. The most commonly used gene sequences are nuclear 
marker nr ITS and chloroplast regions m a tK , n d hF  and r b cL . The main splits among 
subfamilies were based on Vicentini e t al.  (2008). Within each lineage, the literature 
was searched separately. Phylogenetic relationships within Chloridoideae and Pooideae 
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followed the phylogenies from Peterson et al . (2010) and Catalan e t al. (1997) 
respectively; Aveneae from Quintanar e t al.  (2007); Poeae from Catalan e t al. (1997); 
Triticeae from Petersen & Seberg (1997), Mason e t al. (2002) and Zhang e t al. (2008). 
Tree branch lengths were calculated following Grafen (1989), where all the tips of the 
phylogeny are set to be contemporaneous, and the depth of each node equals one less 
than the number of tips that descend from it. Compared with branch lengths built on 
genetic distances, this method provides similar correlations between standardized 
independent contrasts in traits (Garland e t al. , 1992).  
There genera had uncertain placement in the phylogeny. D e y e u x i a  and E l y t r i g i a  
could not be found in any phylogenies, were placed based on their closest genera 
C a l a m a g r o s t i s  and A g r op y r o n  in the identification key (Editorial Committee on Flora 
Intramongolica, 1998) and the closest relatives of theses genera in published 
phylogenies. The third one B e c k m a nn i a , characterized by its long glumes and one/two 
flowered spikelets, was previously considered in Aveneae (Watson & Dallwitz, 1992 
onwards), but had also been treated as a member of Poeae (Reeder, 1953). It was placed 
close to A l ope c u r u s  (Poeae) in an ITS topology with bootstrap support (BS) of 66% 
(Rodionov e t al ., 2005, cited in Quintanar e t al. , 2007) and posterior probability support 
(PPS) of 91% (Quintanar e t al. , 2007). Therefore in my phylogenetic tests, B e c k m a n n i a  
was adopted in Poeae.  
Based on the prediction of a simple Brownian model of trait evolution, Pagel’s λ 
(Pagel, 1999) estimates the degree of phylogenetic dependence of the residual variance 
(see details of Pagel’s λ test in Chapter 2).  
Chapter 5                                                  Morphology and ecophysiology of grasses in plant community 
109 
 
 
 
Figure 5.1 Phylogenetic relationships of the 32 grass species in the field survey in the 
Hunshandak sandland. Lineages are labelled. Photosynthetic type (PT) are shown in 
different colour squares: C 3 (black), PCK (purple), NAD-me (red) and NADP-me (blue). 
 
5.3 Results 
5.3.1 Phylogen e t i c depe nden c e s of single traits 
No significant phylogenetic signals were found in either biotic or abiotic environmental 
factors except tallest neighbour (λ = 0.46, P <0.01 for both  λ = 0 and 1; Table 5.1a). 
Although water score and soil water content (SWC) showed higher λ values, they were 
not significantly different from zero. Meanwhile, most of plant morphological/ 
physiological traits had very low λ values. However, significant phylogenetic signals 
remained only for culm height, leaf δ13C, specific root length (SRL), stomatal density, 
guard cell length and stomatal width. When photosynthetic type (PT) was added as a 
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factor into the above traits, the signals were reduced to zero for tallest neighbour, culm 
height, leaf δ13C, and stomatal density (Table 5.1a).  
The phylogenetic tests on principal components (PCs) from the PCA results (Chapter 
4) did not show any signals for all PCs, except PC2 of morphological traits, which 
indicated stomatal density and guard cell length (Table 5.1b). 
From the main traits across the phylogenetic tree, it was hard to find distinct groups 
for culm and leaf size, except two extreme values in Stipeae (Figure 5.2AB). However, 
larger stomata and smaller stomatal density could clearly be seen in Pooideae than other 
subfamilies (Figure 5.2CD). Meanwhile, leaf water potential had no signal but seemed 
associated with culm height (Figure 5.2E). SWC showed high values in Poeae and 
Aveneae, accompanied by neighbour density (Figure 5.2FG).  
 
Table 5.1 Estimated λ values for (a) all the measured traits and (b) principal components 
(PCs) from Chapter 4 for the 32 grass species in the Hunshandak sandland. All data 
were natural logged in tests. Sample size ( n ), λ and P  values for both λ = 0 and λ = 1 are 
reported. Level of significance: * P  < 0.05; ** P < 0.01; *** P  < 0.001; ns, not 
significant. PT: photosynthetic type.  
(a) Single trait n λ P (λ = 0) P  (λ = 1) 
Water range 32 0.00 ns *** 
Water score 32 0.21 ns *** 
Soil water content 32 0.36 ns *** 
Soil nitrogen content 32 0.00 ns *** 
Mean growth temperature 32 0.00 ns *** 
Mean growth precipitation 32 0.00 ns *** 
Importance value 32 0.21 ns *** 
Abundance 32 0.00 ns *** 
Neighbour density 32 0.09 ns *** 
Distance to the nearest neighbour 32 0.15 ns *** 
Tallest neighbour 32 0.46 ** *** 
Culm height 32 0.50 ** ** 
Leaf length 32 0.35 ns *** 
Leaf width 32 0.00 ns *** 
Leaf mass 32 0.00 ns *** 
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Leaf number per tiller 32 0.00 ns *** 
Root depth 32 0.11 ns *** 
Leaf water potential (Ψ) 32 0.10 ns *** 
Leaf area 32 0.00 ns *** 
SLA 32 0.19 ns *** 
Leaf [N] 32 0.28 ns *** 
Leaf δ15N 32 0.00 ns *** 
Leaf [C] 32 0.22 ns *** 
Leaf δ13C 32 0.76 *** * 
SRL 32 0.42 * *** 
Stomatal density 32 0.46 *** *** 
Guard cell length 32 0.57 *** *** 
Stomatal width 32 0.45 * *** 
Stomatal pore length 32 0.26 ns *** 
Stomatal pore index 32 0.00 ns *** 
g max 32 0.02 ns *** 
Tallest neighbour + PT 32 0.00 ns *** 
Culm height + PT 32 0.00 ns ** 
Leaf δ13C + PT 32 0.00 ns *** 
SRL + PT 32 0.42 ns *** 
Stomatal density + PT 32 0.00 ns *** 
Guard cell length + PT 32 0.63 ** ** 
Stomatal width + PT 32 0.56 ** *** 
(b) Principal components     
PC1 of environmental niches 32 0.20 ns *** 
PC2 of environmental niches 32 0.17 ns *** 
PC3 of environmental niches 32 0.00 ns *** 
PC4 of environmental niches 32 0.00 ns *** 
PC1 of morphological traits 32 0.30 ns *** 
PC2 of morphological traits 32 0.66 *** *** 
PC3 of morphological traits 32 0.30 ns *** 
PC4 of morphological traits 32 0.34 ns ** 
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Figure 5.2 Phylogenetically dependent traits of grasses in the Hunshandak sandland 
across the phylogenetic tree (based on Table 5.1a). A, culm height; B, leaf length; C, 
stomatal size; D, stomatal density; E, leaf water potential; F, soil water content; G, 
neighbour density. Phylogenetic lineages are labelled on the branch clusters. 
 
5 . 3 . 2 Phyloge n e t i c tests for species occurre n c e  
Grass species were distributed among the four habitats with different relative abundance 
(Figure 5.3). Species occurrence in each habitat was tested in the phylogenetic models, 
using a simple index of occupancy (i.e. “1 ” or “0”). However, no phylogenetic signals 
were found (all four λ <0.08; P ns for λ = 0). Next relative abundance, SWC, leaf length 
and abaxial/adaxial stomatal density were tested separately for the four habitats, but 
none of them showed any trend for any particular habitats, only culm height for species 
distributed in the meadow contributed to its overall phylogenetic signal (λ = 0.58, P < 
0.05 for both λ = 0 and 1).  
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Figure 5.3 Species occurrence and relative abundance of grass species across the 
phylogenetic tree in four habitats in the Hunshandak sandland. Habitats are: A, moving 
dune; B, fixed dune; C, meadow and D, wetland. 
 
Species geometric means of the main environmental and morphological traits 
weighted by relative abundance were also tested in the phylogenetic models. These 
included SWC, neighbour density, SNC, culm height, leaf length, stomatal density and 
guard cell length. However, the new λ values were even smaller than the corresponding 
ones in Table 5.1. Culm height still had a significant λ value (0.39), but other λ values 
were very low and did not differ from zero. This dismissed the possibility that uneven 
plant distribution among habitats might affect phylogenetic dependences. 
 
5.3.3 Plant traits with environ m e n t a l factor s  
Among different habitats, culm height generally increased with SWC, SNC, neighbour 
density and tallest neighbour height (Figure 5.4).  
Phragmites austalis
Chloris virgata
Cleistogenes squarrosa
Eragrostis minor
Panicum miliaceum
Setaria viridis
Agrostis divaricatissima
Avena chinensis
Beckmannia syzigachme
Calamagrostis epigejos
Deyeuxia neglecta
Koeleria cristata
Bromus inermis
Poa subfastigiata
Poa angustifolia
Poa paucifolia
Poa pachyantha
Puccinellia hauptiana
Puccinellia macranthera
Puccinellia distans
Achnatherum splendens
Achnatherum sibiricum
Psammochloa villosa
Stipa baicalensis
Agropyron cristatum
Elymus tangutorum
Elytrigia repens
Hordeum brevisubulatum
Hordeum roshevitzii
Hordeum vulgare
Leymus secalinus
Leymus chinensis
Habitat A B C D
Chapter 5                                                  Morphology and ecophysiology of grasses in plant community 
114 
 
  
Figure 5.4 Relationships between morphological traits and environmental traits. Culm 
height with (A) SWC, (B) soil nitrogen content, (C) neighbour density and (D) tallest 
neighbour. Culm/root ratio with (E) SWC and (F) neighbour density. Data are mean ± 
SD, n  = 3. Habitats are moving dune (black),  fixed dune (red), meadow (blue) and 
wetland (green). 
 
In the moving and fixed dunes, there were virtually no relationships due to very low 
SWC and SNC, while in the meadow and the wetland the positive relationships were 
clear, with two outliers, one tussock grass Achnatherum splendens  and the other a water 
margin grass P u c c i n e l l i a hauptian a  (labelled in Figure 5.4B as “A. s.” and “P. h.”). The 
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only difference was that for SWC the increasing trends of culm height in the wetland 
and the meadow were indistinct, while for SNC these trends were clearer (Figure 
5.4AB). The more neighbours, the greater the culm height, but in the meadow most 
species did not have very tall culms, even in dense communities (Figure 5.4C). 
Furthermore, the taller the neighbour, the greater the culm height, which was a 
significant linear relationship, suggesting that neighbour height (competition for light) 
was more important than neighbour density (density of competitors) (Figure 5.4D).  
With increasing neighbour density and height, leaf length, width, area and leaf 
numbers per tiller all showed no patterns (data not shown), indicating that leaf shape, 
area and leaf numbers had weak responses to the biotic environment.  
Another index, the ratio of culm height to root depth, roughly increased with 
increasing SWC, neighbour density, SNC and tallest neighbour, but significant fits were 
found only for SWC and neighbour density (Figure 5.4EF). 
 
SWC was the most important environmental factor in the PCA results, followed by 
neighbour density and SNC (Chapter 4.3.6). To explore how the roughly positive 
relationships between plant traits and water gradients co-varied across the phylogenetic 
tree, SWC was firstly put into the phylogenetic general linear model, and then all three 
factors were added (Table 5.2). Taken across four habitats as a whole, most of the 
phylogenetic model fits were not significant, except culm height and SRL. The λ values 
did not vary much from those observed for single traits, with only culm height and 
stomata related indices having high λ values (Table 5.2a). When all the three 
environmental factors were considered in the model, SWC explained variance in culm 
height, SRL and water score. The new finding was that neighbour density could also 
explain the variance of culm height and root depth against the phylogenetic background 
(Table 5.2b).  
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Table 5.2 Phylogenetic models of the relationships between morphological traits and (a) 
SWC and (b) SWC, neighbour density (ND) and SNC for grass species in the 
Hunshandak sandland. All data were natural logged in tests. Definitions of n , F, P , λ and 
P  values for both λ = 0 and λ = 1 are the same as above. CH, culm height; LL, leaf 
length; LW, leaf width; RD, root depth; GL, guard cell length; SW, stomatal width; SD, 
stomatal density; water, water score, PT, photosynthetic type. 
(a) n λ P  P  slope R 2  F P   
   (λ = 0 ) (λ = 1 )   SWC PT 
CH ~ SWC 32 .62 *** ** .42 .07 3.50 ***   
LL ~ SWC 32 .37 ns *** .03 -.03 .02 ns  
LW ~ SWC 32 .00 ns *** .18 -.005 .85 ns  
RD ~ SWC 32 .00 ns *** -.31 .02 1.50 ns  
SLA ~ SWC 32 .15 ns *** .08 -.02 .31 ns  
SRL ~ SWC 32 .32 ns *** .39 .18 7.91 **   
GL ~ SWC 32 .56 *** *** .11 .02 1.62 ns  
SW ~ SWC 32 .44 ** *** .03 -.03 .12 ns  
SD ~ SWC 32 .46 ** *** .17 .002 1.06 ns  
g max ~ SWC 32 .16 ns *** .22 .04 2.21 ns  
CH ~ SWC+ PT 32 .23 ns ***   3.00 **  9.69 ***  
SRL ~ SWC+ PT 32 .38 ns **   8.11 **  1.58 ns 
 
(b) n λ P  P   F P    
   (λ = 0 ) (λ = 1 ) SWC ND SNC PT 
CH ~ SWC+ND+SNC 32 .63 ** ** 4.30 *  6.22 **  1.64 ns  
LL ~ SWC+ND+SNC 32 .35 ns *** .01 ns .52 ns .04 ns  
LW ~ SWC+ND+SNC 32 .00 ns *** .81 ns .05 ns .15 ns  
RD ~ SWC+ND+SNC 32 .00 ns *** 1.64 ns 4.20 *  .49 ns  
SLA ~ SWC+ND+SNC 32 .00 ns *** .56 ns 2.76 ns .09 ns  
SRL ~ SWC+ND+SNC 32 .37 ns *** 7.78 **  .16 ns 2.06 ns  
GL ~ SWC+ND+SNC 32 .66 *** *** 1.68 ns .37 ns 3.19 ns  
SW ~ SWC+ND+SNC 32 .58 ** *** .08 ns 3.95 ns .17 ns  
SD ~ SWC+ND+SNC 32 .45 ** *** .99 ns .03 ns .04 ns  
g max ~ SWC+ND+SNC 32 .11 ns *** 2.17 ns .40 ns 1.08 ns  
CH ~ SWC+ND+SNC+PT 32 .43 ns *** 4.80 *  10.1 **  2.18 ns 6.35 **  
RD ~ SWC+ND+SNC+PT 32 .00 ns *** 1.61 ns 4.14 ns .48 ns .86 ns 
SRL ~ SWC+ND+SNC+PT 32 .46 ns ** 8.09 **  .16 ns 2.33 ns 1.71 ns 
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For those significant results, PT was added after environmental traits to see if it 
played a further role. It turned out that PT could explain more variance for culm height, 
but not for root depth and SRL (Table 5.2). Furthermore, since the 10~30 cm soil layer 
was shown as the first PC rather than the whole 0~30 cm soil layer, SWC in Table 5.2 
was also replaced by the average of SWC from 10~30 cm soil layer for comparison. No 
different patterns were found for the new method of quantifying SWC, even the values 
of slopes and R 2 of linear fittings for each index were similar, and therefore these results 
are not reported. Species relative abundance weighted geometric means of traits in 
Table 5.2 were also tested in the phylogenetic models, but did not improve the 
explanatory power of the models.  
 
5.3.4 Si ze-de p e n d e n c e of morphol o g i c a l traits 
For morphological traits related with plant size, firstly there were general positive 
habitat-independent scaling effects from culm height to leaf length and root depth 
(Figure 5.5AB); similar but weaker relationships could be found between culm height 
and stomatal size (not shown here). Most annual species had higher SLA and shorter 
culms than perennial species, but the negative relationship between SLA and culm 
height only existed within perennials (Figure 5.5C). SLA had a roughly positive 
relationship with SRL (Figure 5.5D). The extended analyses showed that SRL had a 
roughly negative relationship with root depth (shallow roots corresponded to thin roots), 
which could be deduced from Figure 5.5.  
As SWC and neighbour density affected culm height, root depth and SRL (Table 
5.2b), both of them were put into the general linear models to test whether these positive 
or negative relationships in Figure 5.5 would change or not. Results showed that neither 
of them changed the relationships significantly, the only exception was SWC explained 
a part of variance of root depth (F1, 48 = 6.38, P  = 0.017, without phylogenetic 
relationship). However, two models with and without environmental factors showed no 
statistical difference for root depth against culm height (F1, 2 = 3.19, P  = 0.056), and the 
same was true for the other three relationships in Figure 5.5. 
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Figure 5.5 Relationships of (A) leaf length and (B) root depth with culm height; (C) 
SLA with leaf height and (D) SLA with SRL. Data are mean ± SD, n  = 3. In (A), (B) 
and (D), habitats are moving dune (black), fixed dune (red), meadow (blue) and wetland 
(green). In (C) the black dots are annual, red dots are perennial species. 
 
For stomatal related indices, there were no significant differences between the two 
leaf sides for both stomatal size and stomatal density (Figure 5.6AB), although stomatal 
density of most species was a little higher on the abaxial side (y = 0.8· x +12, compared 
with y = x ; Figure 5.6B). The negative relationships between stomatal size and stomatal 
density were similar for both leaf sides (Figure 5.6CD). One species, P s a m m o c h l o a 
villo s a , had no stomata on the adaxial side, while two others, Koeleria crist a t a  and S t i pa 
baic a l e ns i s , had no stomata on the abaxial side. Therefore in all the phylogenetic tests 
for stomatal traits, average values of both leaf sides were used. 
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Figure 5.6 (A) stomatal size and (B) stomatal density on both leaf sides; and 
relationships between stomatal size and density on (C) adaxial and (D) abaxial leaf side. 
Data are mean ± SD, n  = 3. Subfamilies are Arundinoideae  (grey), Chloridoideae (cyan), 
Panicoideae (pink) and Pooideae (brown).  
 
Scaling effects of morphological traits were not as obvious as in Chapter 2 and 3. 
Statistically significant positive relationships were found among leaf, root and culm 
traits, but no relationships were found for them with stomata related indices. On the 
other hand, stomatal width and length had a significant positive relationship, and both 
had a negative relationship with stomatal density. For phylogenetic linear models, most 
of the high λ values were related with stomatal traits, which indicated that at the 
community level, stomata related traits were independent of size, but dependent on 
phylogeny, whereas the converse applied to plant size traits (Table 5.3). 
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Table 5.3 Models of the size-dependence of morphological traits for grass species in the 
Hunshandak sandland. Coefficients and F values are for general linear models (GLM) 
and phylogenetic general linear models (PGLM ). All data were natural logged in tests. 
Abbreviations and definitions of n , F, λ and P are as above. 
 
5 . 3 . 5 Phylog e n e t i c tests for ecophy s i o l o g i c a l indice s  
Leaf water potential (Ψ) tended to become more negative as culm height and root depth 
increased. Habitat had significant effects on the relationship between Ψ and culm height 
(two models without and with habitat were different F1,2 = 5.1, P  = 0.004), but only the 
fitting in the meadow tended to be statistically significant (y = -0.02· x -1.1, F1,22 = 20.2, 
R 2 = 0.45 *** ; Figure 5.7A). Negative Ψ had a linear relationship with root depth when 
both were naturally logged (Figure 5.7B). There were no obvious relationships of Ψ 
with SLA or SRL, which suggested that Ψ was more closely related to plant size rather 
than leaf or root traits (Figure 5.7CD). Ψ itself had no significant differences among 
different habitats, photosynthetic types or subfamilies. However, at the tribal level, 
Stipeae had the most negative Ψ (around -3.0 MPa), other tribes were all around -2.0 
MPa with wider variance, especially for Poeae (-0.8~ -3.5 MPa), which ranged from the 
sand dunes to the wetland margins. 
GLM  PGLM   
y  ~ x  n F P  slope R 2   n F P  λ 
P 
(λ = 0)  
P 
(λ = 1)  
slope R 2  
LL ~ CH 32 20.7 ***  .58 .39  32 21.2 ***  .28 ns *** .64 .39 
LW ~ CH 32 3.22 *  .24 .07  32 6.44 *  .23 ns *** .37 .15 
RD ~ CH 32 23.4 ***  .64 .42  32 25.5 ***  .24 ns *** .74 .44 
GL ~ CH 32 2.43 ns .11 .04  32 .19 ns .55 ** *** .03 -.03 
SW ~ CH 32 .07 ns .02 -.03  32 .31 ns .48 ** *** -.04 -.02 
SD ~ CH 32 6.27 ns -.3 .15  32 .00 ns .45 ns *** -.007 -.03 
LW ~ LL 32 19.3 ***  .53 .37  32 34.8 ***  .53 * *** .68 .52 
RD ~ LL 32 18.8 ***  .66 .36  32 18.8 ***  .00 ns *** .66 .36 
GL ~ LL 32 .03 ns .02 -.03  32 .61 ns .60 *** ** .05 -.013 
SW ~ LL 32 .07 ns .01 -.03  32 .76 ns .50 ** *** .06 -.008 
SD ~ LL 32 .00 ns .00 -.03  32 5.63 *  .66 *** *** .28 .13 
SW ~ GL  32 57.3 *  .79 .65  32 57.3 *  .00 ns *** .79 .64 
SD ~ GL 30 13.0 **  - 1 . 1 .29  30 5.63 *  .18 ns *** - . 8 6 .14 
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Figure 5.7 Associations between leaf water potential and (A) culm height, (B) root 
depth, (C) SLA and (D) SRL. Data are mean ± SD, n  = 3. Habitats are moving dune 
(black), fixed dune (red), meadow (blue) and wetland (green). Regression line in (A) 
based on all data.  
 
Stable isotope values separated according to habitats, since there were no C4 grass 
species in the wetland (Figure 5.8). First of all, leaf δ13C was classically divided into C3 
and C4 species, i.e. -26.4 for C3 grasses and -13.9 for C4 grasses. Within C4 grasses, it 
was -13.6 for NADP-me species, -13.9 for PCK species and -14.2 for NAD-me species. 
There were no relationships of leaf δ13C with δ15N and SWC for C4 species (Figure 
5.8AB). However, for C3 species, weak negative relationships were found for leaf δ13C 
with both δ15N and SWC, with small differences across habitats for the relationship 
between leaf δ15N and SWC (Figure 5.8CD).  
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Figure 5.8 Relationships between leaf δ13C and δ15N in (A) C4 and (C) C3 species; and 
relationships between leaf δ13C and SWC in (B) C4 and (D) C3 species. Data are mean ± 
SD, n  = 3. Habitats are moving dune (black),  fixed dune (red), meadow (blue) and 
wetland (green). 
 
Leaf carbon and nitrogen content were positively related with the lowest values 
found in the wetland (Figure 5.9A). Leaf [C] showed a negative relationship with SWC 
(Figure 5.9B). Leaf [N] had a very rough ne gative relationship with SNC, but in the 
meadow the pattern was clear (Figure 5.9C). The leaf C/N ratio had a weak positive 
relationship with SWC, but a very scattered positive relationship with SNC (Figure 
5.9D). 
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Figure 5.9 Relationships of leaf carbon content with (A) leaf nitrogen content and (B) 
SWC; (C) leaf nitrogen content with SNC and (D) leaf C/N ratio with SWC. Data are 
mean ± SD, n  = 3. Habitats are moving dune (black ), fixed dune (red), meadow (blue) 
and wetland (green). 
 
Although none of the single ecophysiological traits showed phylogenetic signals 
(Table 5.1), based on the plots, some important morphological and environmental 
indices were chosen to explore variation in the ecophysiological traits (Table 5.4). None 
of these relationships had λ values significantly different from zero, but several 
phylogenetic general linear models showed significant regressions. Ψ was negatively 
related with culm height; leaf [C] was negatively related with SWC; leaf [N] was 
negatively related with SWC, neighbour density and SNC; and g max was positively 
related with water score (Table 5.4). For leaf δ13C, the inclusion of photosynthetic type 
led to a good model fit, showing that δ13C values decreased with increasing SWC, 
neighbour density and water score. 
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Table 5.4 Phylogenetic models of the relationships between ecophysiological traits and 
(a) culm height as a proxy for plant size and (b) SWC, neighbour density, SNC and 
water score for environmental gradients. All data were natural logged in tests except 
leaf water potential (Ψ) and leaf δ13C. Definitions of n , F, P , λ and P  values for both λ = 
0 and λ = 1 are the same as above. CH, culm he ight; LC, leaf carbon content; LN, leaf 
nitrogen content; PT, photosynthetic type; ND, neighbour density. 
(a) n F P  λ P (λ = 0)  P (λ = 1)  slope R 2  
Ψ ~ CH 32 8.53 **  .00 ns *** - . 5 5  .20 
LC ~ CH 32 2.43 ns .36 ns *** -.02 .04 
LN ~ CH 32 1.29 ns .34 ns *** -.12 .009 
δ13C ~ CH+PT 32 164 ***  .00 ns *** - . 2 5  .95 
δ15N ~ CH 32 .09 ns .00 ns *** -.08 -.03 
g max ~ CH 32 1.34 ns .00 ns *** -.12 .01 
(b)        
Ψ ~ SWC 32 1.33 ns .17 ns *** .35 .01 
LC ~ SWC 32 8.56 **  .00 ns *** - . 0 5 .20 
LN ~ SWC 32 5.76 *  .06 ns *** - . 3 1 .13 
δ13C ~ SWC+PT 32 189 ***  .00 ns *** - . 7 6  .96 
δ15N ~ SWC 32 .43 ns .00 ns *** .23 -.02 
g max ~ SWC 32 2.21 ns .16 ns *** .22 .04 
Ψ ~ ND 32 .16 ns .28 ns *** -.07 -.03 
LC ~ ND 32 1.97 ns .21 ns *** -.02 .03 
LN ~ ND 32 8.36 **  .34 ns *** - . 2 1  .19 
δ13C ~ ND+PT 32 164 ***  .00 ns *** - . 1 9  .95 
δ15N ~ ND 32 1.06 ns .00 ns *** -.23 .002 
g max ~ ND 32 .14 ns .14 ns *** -.04 -.03 
Ψ ~ SNC 32 4.34 ns .27 ns *** .27 .10 
LC ~ SNC 32 .93 ns .18 ns *** -.00 -.002 
LN ~ SNC 32 5.39 *  .30 ns *** - . 1 4  .12 
δ13C ~ SNC+PT 32 161 ***  .00 ns *** .005  .95 
δ15N ~ SNC 32 .23 ns .00 ns *** -.09 -.03 
g max ~ SNC 32 1.74 ns .18 ns *** .09 .02 
Ψ ~ water 32 3.82 ns .00 ns *** .64 .08 
LC ~ water 32 .27 ns .18 ns *** -.01 -.02 
LN ~ water 32 1.02 ns .23 ns *** -.15 .00 
δ13C ~ water+PT 32 165 ***  .00 ns *** - . 3 2 .95 
δ15N ~ water 32 .12 ns .00 ns *** -.14 .03 
g max ~ water 32 7.34 *  .00 ns *** .42  .17 
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5.4 Discussion 
5.4.1 Weaker phylog e n e t i c signal s at the communi t y level 
At the community level, phylogenetic signals were hard to detect, except in tallest 
neighbour, culm height, SRL and stomatal traits, indicating that PNC was not supported 
for most ecological and physiological traits (Freckleton e t al. , 2002). Tallest neighbour 
and culm height were related with each other, since plants tend to grow taller as 
competition for light increases (Grime e t al. , 1977), and the differences among 
Chloridoideae, Panicoideae and Pooideae were the sources for phylogenetic signals in 
the two traits. At the same time, phylogenetic signals of stomatal traits existed across all 
the scales examined in the thesis, in keeping with the hypothesis of genetic differences 
across grass lineages. Photosynthetic type (C3 and C4 subtype) explained part of the 
differences in culm height, leaf δ13C and stomatal density (Table 5.1a). Culm height 
data were consistent with the higher culms of C3 than C4 grasses recorded in Chapter 3, 
implying strongly that the effect arises because C4 grasses in Inner Mongolia are annual 
species or weeds. This hypothesis was tested by classifying each species into “annual/ 
perennial” type and “weed/ non-weed” accordi ng to the flora. However, although it 
showed coincidence between annual or weed species with C4 species, neither of the two 
factors could explain more variance in culm height than C3/C4 type, but their 
combination was a better explanatory factor. In fact, species were quite limited in 
numbers and confounded in that all the six weeds were C4 species, two of which were 
perennials; but the nine annuals included four C4 weeds, two C4 non-weeds and three C3 
non-weeds. It was therefore hard to draw conclusions on whether weeds, annuals or C4 
species explained patterns in culm height. Leaf δ13C followed the classic pattern of the 
different CO2 discrimination between C3 than C4 species (Farquhar et al ., 1982). The 
strong effect of photosynthetic type on stomatal density came from C4 subtype, and the 
lower g max of C4 species was consistent with previous work (Franks & Beerling, 2009b; 
Taylor e t al. , 2012).  
The lack of phylogenetic signals for all the PCs except the one indicating stomatal 
traits was consistent with the single trait tests, confirming again the weaker 
phylogenetic signals at the community level or the limited statistical power for the 
smaller samples of species within these communities. In fact, the species relative 
abundance weighed plant traits showed even weaker phylogenetic signals. Therefore, 
species occurrence and abundance in the communities together indicated a phylogenetic 
overdispersion (or random) rather than a clustering pattern from a regional specie pool. 
Chapter 5                                                  Morphology and ecophysiology of grasses in plant community 
126 
 
There were several reasons for the weak phylogenetic signals. Firstly, this study was 
done at a small spatial and phylogenetic scale, i.e. only within a 20 square kilometre 
area, and with only 32 species from Poaceae. Although the four habitats were distinctive, 
they shared the same species pool and climate, and the detection of phylogenetic signals 
would therefore be harder (Cavender-Bares e t al ., 2006). The weak phylogenetic signals 
here showed that PNC was not strongly supported at the community level, which was in 
contrast with the phylogenetic clustering observed for Dutch plant communities with 
more trait variation (Prinzing e t al. , 2008). Secondly, the sensitivity of lambda tests 
among species was reduced by using average values of four habitats for each species, 
because individuals within species showed great variance across habitats (Table 4.2b) 
and the small number of species within each habitat caused a loss of statistical power so 
that only data in the meadow could be used for phylogenetic tests. Thirdly, the 
Hunshandak sandland was not a pure steppe that is dominated by Poaceae. It also had 
lots of patches of herbs and trees. Therefore, PNC might be erased in such a 
heterogeneous topography and soil water conditions (Wiens & Graham, 2005), 
accompanied by density competition from non-grass species or even grazing effects. 
Fourthly, ecophysiological traits might fluctuate among microhabitats and over short 
time periods. For example, Ψ changed a lot in one day, which could bring variation in 
phylogenetic tests where one species only had one value. Finally, recalculated indices 
were always relative indices such as SLA and SPI, in which it might be harder to detect 
differences than in direct measurements.  
 
5.4.2 Phylog e n e t i c signal s for two trait relati o n s h i p s 
It was not surprising that plants increased culm height, or aboveground allocation in 
better water (SWC) and nutrient (SNC) conditions, or high density communities 
(neighbour density and height) to compete for light (Figure 5.3; Gubsch e t al ., 2011). 
However, without considering phylogenetic background, SWC, neighbour density and 
SNC did not explain much variance in plant size or stomatal traits, or show significant 
positive relationships (Table 5.2). Nevertheless, previous studies on phenotypic 
plasticity, speciation evolution and environmental changes (Schlichting, 1986) showed 
that leaf and culm size were related with SWC and stomatal traits, and responded to 
sun/shade light conditions (Abrams & Kubiske, 1990) or different CO 2 levels 
(Woodward & Kelly, 1995). In the present study,  water gradients within habitats led to 
large variance for each habitat so that only weak relationships could be found for the 
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whole area. The λ values of most of these relationships were nearly the same as those 
for single traits, implying phylogenetic dependences across species were not affected 
much by SWC.   
Scaling effects still existed and clearly separated into two categories: traits of plant 
size and traits of stomatal size (Figure 5.5; 5.6). Within each group there were strong 
scaling effects even without phylogenetic background, but no relationships could be 
found between the two groups (Table 5.3). It is rare for previous studies to put these two 
kinds of traits together (Liu e t al. , 2003; Gubsch e t al ., 2011), so no comparison could 
be made with other data. For plant size, this study suggested that shorter grasses would 
have shorter leaves and shallower roots, as well as finer leaf morphology (higher SLA) 
and finer root morphology (higher SRL), which agreed with general conclusions for 
trees (Reich e t al. , 1998), modelling of monocot, dicot and conifer species (Enquist & 
Niklas, 2002), and leaf area increased with leaf mass (Milla & Reich, 2007). On the 
other hand, stomatal traits are also linked with plant evaportranspiration and 
water/nutrient use efficiency (Reich e t al. , 2006), but are hardly used to predict plant 
traits, since firstly too many traits such as leaf area and leaf numbers are also involved, 
and secondly they are plant structures at two different scales and responds for different 
functional purposes.  
 
5 . 4 . 3 General discussi o n of morphol ogical and stable isotope indices 
In this study, Pooideae (C3 grasses) always lived in wetter habitats, had much higher 
culms, bigger leaves, larger stomatal size and lower stomatal density than Chloridoideae 
and Panicoideae (C4 grasses). To adapt to drier habitats, genera of Chloridoideae could 
reduce transpiration through small plant size and narrow leaves, as well as smaller 
stomata, or even rolled or folded leaves. This was in accordance with known short-term 
strategies of plants in response to drought stress (Schulze, 1986; Nippert et al. , 2009). 
Moreover, smaller and denser stomata of Chloridoideae and Panicoideae were found, 
indicating higher efficiency in controlling stomatal openness and transpiration (Meinzer 
& Grantz, 1991; Franks & Farquhar, 2007). In this study, higher stomatal density in the 
abaxial side of leaves was confirmed, following previous results that the abaxial side 
always had larger and denser stomata (Driscoll e t al. , 2006), but higher photosynthetic 
rates and transpiration were not tested here. In the long run, with limited water, plants 
have to reduce leaf cell elongation and protein synthesis, allocate more growth to roots 
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to explore for water, leading to xeromorphic traits and slow growth rate, and then low 
productivity (Knapp, 1984; Fernandez & Reynolds, 2000).  
Ψ of grasses in the Hunshandak sandland was hard to group on the basis of habitat, 
photosynthetic types or subfamilies, except the most drought tolerant tribe Stipeae, 
indicating species-dependence. However, common patterns were found that taller 
grasses with deeper roots, as well as stiffer leaves and coarser roots corresponded with 
more negative Ψ. The very weak relationships of Ψ with SWC, neighbour density and 
SNC showed that the influences of environment on instantaneous ecophysiological 
traits varied considerably both among and within species, so that long-term traits like 
δ13C values should be considered.  
Leaf δ13C values for different photosynthetic types were distinctive, following the 
classic pattern (Farquhar e t al ., 1982). Within C4 grasses, results were also totally 
consistent with previous work that δ13C values decreased with the order NADP-me, 
PCK and NAD-me (Hattersley, 1982). Therefore the potential of WUE in grasses would 
decrease in the order as NADP-me, PCK, NAD-me and C3 species. Technically, to 
increase WUE and save water in drier places, plants will fix a greater proportion of CO2 
from leaf intercellular spaces, reducing intercellular CO2 concentration and 
discrimination against 13C, and leading to a less negative δ13C value (Farquhar et al. , 
1989), which was shown in this study as a negative relationship between δ13C value and 
SWC, as well as positive relationship between g max and SWC (Figure 5.8D; Table 5.4b). 
However, two species with extreme low δ13C value were Hordeum brevis u b ul a t um  (-
29‰) and A g r o s t i s divaric a t i s s i m a (-28‰) in the wetland, and H o r de u m 
brevisubulatum also existed in the meadow with a δ13C value -26‰, indicating that 
WUE was very low for species with ample water supply (Figure 5.8D). Low δ13C 
values for wetland species might also explained by fixing isotopically light CO2 
originated from soil respiration (Silveira e t al. , 1989) or by the oxidation of methane 
released from the wetland. The loose negative link between δ13C and δ15N of C3 grasses 
was consistent with that of C3 non-leguminous plants (Zhao et al ., 2009). In this case, 
δ15N was more related to trophic interactions, with lower leaf δ15N value in the dunes 
indicating the increasing mineral N from organic N uptake (Figure 5.8C; Swap e t al ., 
2004). For the leaf nutrients, although leaf [C] and [N] had a positive relationship, they 
were actually affected by different environmental factors, SWC and SNC. Increased leaf 
C/N ratio with SWC implied an increase of carbon assimilation in better water 
conditions, and higher leaf [N] in dry habitats was also typical of dry land species. 
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However, all the leaf carbon and nitrogen related indices did not show significant 
phylogenetic signals against environmental factors, showing these general patterns did 
not depend on phylogeny. 
 
5 . 5 Conclusi o n s 
Grasses in the Hunshandak sandland showed weaker phylogenetic signals of species 
occurrence, environmental niche characteristics and plant traits than at the regional scale, 
implying an absence of PNC at the community level. In better water (SWC) and nutrient 
(SNC) conditions, or high density communities, grasses generally increased culm height 
and aboveground allocation, but these patterns were species-specific, and according to 
phylogenetic analyses, they showed no phylogenetic dependences. Scaling effects 
existed separately for plant size and stomatal size related indices. For ecophysiological 
indices, leaf water potential was neither phylogenetically nor habitat dependent, but 
varied in concert with plant size, leaf and root construction. Leaf δ13C and δ15N values 
indicated decreasing WUE and increasing organic N fixation in high SWC areas. 
Therefore, although phylogenetic patterns were unclear, this study on the adaptation of 
grasses to environmental gradients showed the clear ecological sorting of both 
morphological and ecophysiological traits. 
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Chapte r 6 Funct i o n a l diver s i t y of C 4  grasse s in leaf struct u r e and 
hydra u l i c trait s : a greenh o u s e compa r a t i v e study 
 
Based on Chapter 2, a logical further step is to see if photosynthetic type and habitat 
type interact with phylogeny within C4 grasses, focusing on morphological and 
physiological traits related with drought tolerance and water use. This chapter firstly 
describes the design and measurements of greenhouse experiments, and then compares 
the differences between subfamilies and tests the interactions of phylogeny with C4 
subtype and habitat type. After phylogenetic signals are reported for each index, two-
trait relationships are also explored. Morphologically, the relationships between leaf 
traits and stomatal traits are reported. Physiologically, hydraulic traits especially 
pressure-volume (PV) curves and gas exchange traits are discussed.  
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6 . 1 Introd u c t i o n 
Subfamily and C4 photosynthetic subtype have tight associations within C4 grasses 
(Chapter 2). Therefore, the relationships between species richness and regional 
precipitation gradients in previous studies based on C4 subtypes (Hattersley, 1992) can 
also be successfully explained by subfamily groupings (Taub, 2000). However, since 
the PCK subtype species exists in multiple subfamilies, the interaction effects of C4 
subtype and subfamily can also be tested. Results from Chapter 2 suggested that 
phylogeny was more important than photosynthetic type (C3 and C4 subtype) in 
explaining morphological and habitat traits. However, C4 photosynthetic type was a 
better predictor of the limited number of physiological traits investigated. Moreover, 
these morphological, physiological and habitat traits were at the genus level, and needed 
to be followed up with species-level tests, with particular focus on the PCK subtype to 
allow the interaction of subfamily and C4 subtype to be tested. Previous chapters have 
also emphasized the importance of habitat water conditions, suggesting that phylogeny 
might also interact with habitat type (Chapter 4, 5). More physiological traits related 
with drought adaptation and hydraulic traits should therefore be measured to explore the 
mechanisms underpinning the differing distributions of Chloridoideae and Panicoideae 
in the field. 
In natural grasslands, most C4 grasses are not necessarily more drought tolerant than 
C3 grasses, because they use the “drought es cape” strategy by grow ing in the rainy and 
hot summer to avoid frost (Lambers e t al ., 1998; Ibrahim e t al ., 2008). If one grass 
species grows in a drier place and is more drought tolerant than others, it typically has a 
lower leaf water potential (Ψ) and lower gas exchange rate (Sperry, 2000). It may also 
have morphological adaptations like curling and hairy leaves (Grammatikopoulos & 
Manetas, 1994), and even shading from the retention of dead leaves (Neuner e t al ., 
1999). Furthermore, life history also influences plant drought tolerance, since perennial 
grasses allocate more biomass to roots than annual grasses, and adjust Ψ faster under 
soil water potential stress (Volaire, 2003). 
For hydraulic traits, woody plants were firstly studied, especially on hydraulic 
efficiency and cavitations (Sperry, 2000; Sack e t al. , 2003). There are many flux-related 
and drought tolerance traits that can be measured by pressure-volume (PV) curves, 
which describe the relationship between the total Ψ and relative water content (RWC) of 
living leaves. The PV curve technique was first reported by Scholander e t al.  (1965), 
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then improved and supplemented by Tyree e t al.  (1982). A PV curve can be used to 
estimate significant water relations parameters such as 1) the osmotic potential at full 
saturation (Ψosat), showing the potential deviation from an ideal osmotic system; 2) the 
turgor loss point (TLP) in terms of Ψ (Ψtlp) or RWC (%), beyond which the cell or 
organ is flaccid; 3) Young’s modulus of elasticity ( ε), measuring how much RWC 
changes before a leaf loses its turgor. In dry areas, plants adjust Ψ by changing the 
concentration of osmotic solutes in cells and the elasticity of leaf cell walls. To have a 
greater capacity to store water, plants might be more elastic to lose more water before 
losing turgor (Lambers e t al. , 1998). However, high elasticity does not necessarily result 
from larger cells or lower leaf density, because grass leaves in dry areas always have 
smaller cells and higher leaf dry matter content (DMC). 
Stomatal structure and regulation are central to leaf gas exchange, and diverse shapes 
of stomata are widely reported (Willmer & Fricker, 1996). Over a long geologic time 
scale, the falling of atmosphere CO2 concentration since 400 Ma forced plants to 
increase stomatal density and decrease stomatal size to attain the highest stomatal 
conductance to CO2 ( g c max) and water (g w max) (Franks & Beerling, 2009a), coordinating 
with the increase of plant xylem hydraulic capacity through evolutionary history (Sperry, 
2003) and the increase of leaf hydraulic capacity of angiosperms by increasing vein 
density during Cretaceous (Feild e t al. , 2011). During more recent global changes, the 
evolution of “dumb-bell” shaped stomata fac ilitated the spread and diversification of 
grasses approximately 35~40 Ma when CO 2 concentration decreased dramatically just 
before the origins of C4 photosynthesis (Hetherington & Woodward, 2003). The “dumb-
bell” shaped stomata for grasses have long been known to show faster environmental 
regulation than classic “ki dney” shaped stomata (Rasc hke & Fellows, 1971), because 
stomatal opening and closing are accelerated by the coupling of guard and subsidiary 
cells for the “dumb-bell” type (Franks & Farquhar, 2007). Therefore stomatal size and 
conductance potentials are necessary for understanding physiological differences 
between grasses. 
Based on the distinctive biogeographic distribution and morphological divergences 
between the two main subfamilies of C4 grasses, Chloridoideae and Panicoideae 
(Chapter 2), this chapter focused on functional diversity in greenhouse experiments. It 
addressed the following questions: 1) Since Chloridoideae differs from Panicoideae in 
morphological traits, does it also differ in water flux traits like leaf hydraulics and gas 
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exchange to cope with its natural drier habitats? 2) Is there an interaction between 
phylogeny and C4 subtype for plant traits at the species level? 3) Is there also an 
interaction between phylogeny and habitat type? 4) Will phyl ogenetic signals be weaker 
in physiological than morphological traits? How can phylogenetic structure affect 
scaling effects and plant traits-environment relationships?   
 
6.2 Materia l s and methods 
6.2.1 Species sampling 
From the genera in the phylogenetic tree of the Poaceae (Christin e t al.,  2008) and the 
information gathered for the 185 genera dataset (Chapter 2), species were chosen 
carefully following several criteria:  
1) Only C4 species from Chloridoideae and Panicoideae subfamilies were chosen, 
whose phylogenetic relationships had previously been published. They were from 
Cynodonteae, Eragrostideae and Zoysieae in Chloridoideae; Paniceae, Paspaleae and 
Andropogoneae in Panicoideae (Grass Phylogeny Working Group II, 2011). 
2) Phylogenetic and physiological factors were balanced. All three C4 subtypes 
(NADP-me, NAD-me and PCK) were included. As the PCK subtype is the only type 
that exists in Chloridoideae and Panicoideae, all available PCK species were acquired 
and included if they could be germinated successfully to maximize the number of 
contrasts between C4 subtypes within each phylogenetic group. 
3) Control for life history by selecting only perennial species where possible. The 
two exceptions: one annual was chosen to build C 4 subtype pairs, the other was PCK.  
 
Nearly 60 candidate species were ordered from different sources and germinated, 33 
species were germinated successfully and finally used in the experiment (Table 6.1). For 
each species, the C4 subtype was assigned following Sage e t al. (1999). There were 
three different sources to measure the habitat water condition for each species: 
(a) Three habitat categories, which based on different floras, journal papers and 
online herbaria (van Oudtshoorn, 1999; Cook e t al. , 2005; eFloras, 2008; Visser, 2010), 
following several specific rules as: the “wet” category included all species described as 
occurring in wetlands, bogs, swamps, or in/along rivers or other water body. The “arid” 
category included species not belonging to the “wet” category and occurring in well-
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drained soils like sandy, stony, gravelly or rocky habitats. The “i ntermediate” habitat 
included all the remaining species generally existed in open grasslands or woodlands.  
(b) Average regional mean annual temperature (MAT) and mean annual precipitation 
(MAP). To compare with the realized precipitation niche of each species, geo-
referenced species records from the Global Biodiversity Information Facility (GBIF, 
www.gbif.org) were collected through GrassPortal (Osborne e t al. , 2011). MAT and 
MAP values from 1961 to1990 for places that all the samples of one species occurred 
were averaged as the MAT and MAP value for this species.  
(c) Water score. A value based on the habitat description in floras to quantify habitat 
water conditions, following the methods in Chapter 2. 
  
Table 6.1 Information of species used in the greenhouse experiment. Annual or 
perennial categories based on Kew Grassbase (Clayton e t al ., 2006 onwards). 
Clade C4 subtype Species Source1 Seed ID Annual/ 
perennial 
S u b f a m i l y  Panic o i d e a e  
Paspaleae  NADP-me A x o n o p u s compre s s u s A PI406648 P
 NADP-me P a n i c u m antid o t a l e B CIAT6039 P
 NADP-me P a s p a l u m dila t a t u m A PI477099 P
Paniceae NAD-me A l l o t e r o p s i s cimic i n a C AusTRCF 59560 A/P
 PCK A l l o t e r o p s i s semia l a t a D  P
 PCK B r a c h i a r i a decum b e n s C AusTRCF 72793 P
 PCK B r a c h i a r i a nigr o p e d a t a C AusTRCF 319409 P
 NADP-me D i g i t a r i a eria n t h a C AusTRCF 319398 P
 PCK Melinis ambi g u a C AusTRCF 52263 P
 PCK Melinis repen s E  A/P
 NADP-me P e n n i s e t u m clan d e s t i n u m C AusTRCF 60072 P
 NAD-me P a n i c u m virga t u m A PI476292 P
 NADP-me S e t a r i a incra s s a t a C AusTRCF 24582 P
 PCK U r o c h l o a mosam b i c e n s i s C AusTRCF 320249 P
 PCK U r o c h l o a maxim a A PI259549 P
Andropogoneae  NADP-me A n d r o p og o n gaya n u s C AusTRCF24575 P
 NADP-me B o t h r i o c h l oa pertu s a C AusTRCF 106426 P
 NADP-me H e t e r o p o g o n cont o r t u s A Grif 15979 P
 NADP-me I m p e r a t a cyli n d r i c a E  P
 NADP-me I s c h a e m u m molle C AusTRCF84176 P
 NADP-me A r u n d i n e l l a hirta A PI263693 P
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S u b f a m i l y Chlor i d o i d e a e  
Cynodonteae  NAD-me C y n o d o n dactyl o n C AusTRCF 37896 P
 PCK C h l o r i s elata C AusTRCF 53926 P
 PCK C h l o r i s gayan a C AusTRCF 319691 P
 PCK C h l o r i s roxbu r g h i a na C AusTRCF 59653 P
 PCK D a c t y l o c t e n i u m aegy p t u m F 91323 A
 PCK D a c t y l o c t e n i u m scind i c u m C AusTRCF25452 P
Eragrostideae NAD-me E r a g r o s t i s curvu l a C AusTRCF 30368 P
 NAD-me E n n e a p og o n scop a r i u s C AusTRCF59846 P
 NAD-me Fingerh u t h ia afri c a n a C AusTRCF98990 P
Zoysieae  NAD-me S p o r o bo l u s nebu l o s u s G 0082459 P
 PCK S p a r t i n a pect i n a t a D 30925 P
 PCK Z o y s i a japon ic a F 91937 P
1Suppliers: A, US Department of Agriculture  National Plant Germplasm System (NPGS), 
BARC-West Beltsville, MD, USA; B, International Center for Tropical Agriculture (CIAT), 
Genetic Resources Program (GRP); C, Australian Plant Genetic Resource Information Service 
(AusPGRIS), Queensland, Australia; D, collected in South Africa, stored in the University of 
Sheffield; E, Silverhill seeds, Cape Town,  South Africa; F, Herbiseed, Twyford, UK; G, grown 
in Tapton Experimental Gardens of the University of Sheffield by Taylor e t al.  (2010). 
 
6 . 2 . 2 Block design and greenhou s e conditio n s 
In May, 2009, seeds were surface sterilized before germination on agar plates in an 
incubator, and then seedlings were established in small pots of compost (M3, John Innes 
Seed Compost). Two weeks later, larger seedlings were transferred into 4-litre pots with 
50% compost plus 50% silica sand. Totally 165 pot s, i.e. 5 replicates for each of the 33 
species, were arranged in a greenhouse bay in the Arthur Willis Environment Centre 
(University of Sheffield, UK), following a randomized block design. Plants were 
watered every day to provide enough water. In the middle of September, 2009, 
supplementary nutrients (Osmocote controlled release plant food) were added to pots. 
From May to October 2009, environmental parameters were controlled and recorded 
via a greenhouse monitoring system and a weather station (DL2e data logger with 
RHT2nl and QS2 sensors, Delta-T Devices Ltd, Cambridge, UK) (Table 6.2). All were 
recorded at 30min interval and data exported every 18 days. The data from the weather 
station showed environmental control in the greenhouse (Figure 6.1).  
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Table 6.2 Environmental parameters in the greenhouse during the experiment. 
Index Values 
Temperature (Day/Night) 30/25°C  
Relative humidity  70%  
Day/Night length (14hr / 10hr) 8:00—22:00  June-Aug 
(17hr / 7hr)   5:00—22:00  Aug-Oct 
Light source Natural light + lamp (maximum 200 μmol m-2 s-1)  
 400~1500 μmol m-2 s-1 in daytime 
Date (28, Aug - 3,Sep, 2009)
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Figure 6.1 Environmental parameters in the greenhouse during the experiment, a sample 
record of five days. Temperature inside (solid black line) and outside (dash black line) 
the greenhouse, photosynthetically active radiation (PAR) and relative humidity (RH) 
are shown in dots and triangles, respectively. 
 
6.2.3 Statis t i c a l methods 
6.2.3.1 Interact i o n between subfamil y and C 4  subtype 
In this experiment, there were no NADP-me species in Chloridoideae, and only two 
NAD-me species in Panicoideae (Table 6.1), which was an incomplete and unbalanced 
design for distinguishing subfamily and C4 subtype effects. The distribution of C4 
subtype was more unbalanced at the tribal level.  
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To deal with this situation, one approach was to compare the two subfamilies within 
the 14 PCK species. Direct comparison was reported (Table 6.4), but the idea of testing 
phylogenetic effects within PCK species was aborted, because there were too few 
species to put into phylogenetic tests (at least 20 phylogenetic tips are required). The 
other approach was to compare C4 subtypes within the same subfamily, which was not 
meaningful for the unbalanced distribution of three C4 subtypes.  
Therefore, PCK and non-PCK species were grouped to form a two-factor complete 
block (7 PCK and 5 non-PCK species in Chloridoideae; 7 PCK and 17 non-PCK species 
in Panicoideae). Then generalized linear mixed-effects models (GLMM) with phylogeny 
(subfamily) and photosynthetic type (PCK and non-PCK) as two fixed factors and 
species as random factor were fitted; interaction effects were detectable as there were 
replicates in each unit.  
 
6.2.3.2 Phylogenetic tests 
Since most of the species were from published phylogenetic trees of C4 lineages 
(Christin e t al.,  2008; Liu e t al. , 2012), the phylogeny and branch lengths among species 
could be extracted based on the background tree in Christin e t al. (2008) using Mesquite 
(V.2.74, Maddison & Maddison). However, three species from the genera H e t e r o p o g o n , 
Enneapogon  and Fingerhuthia  were not included, so the closest genera H y p a r r h e n i a , 
Uniola and Eragro s t i s  were used to replace them according to the 185-genus tree in 
Chapter 2. Six congeners from the genera Al l o t e r o p s i s , Brachia r i a , Melinis, Urochlo a , 
Chlor i s and D a c t y l o c t e n i u m  were used because DNA sequenced species were not the 
same species in this study. Grafen’s (1989) branch length calculation was also tested, 
yielding similar results of phylogenetic dependence, so only results based on the 
published phylogenetic tree are reported (Figure 6.2).  
Pagel’s λ tests were carried out as in the previous chapters (Chapter 2).  
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Figure 6.2 Phylogenetic relationships of the 33 species in the greenhouse experiment. 
Subfamilies and lineages are labelled. C4 photosynthetic subtype (PT) are shown in 
different colour squares: PCK (blu e), NAD-me (black) and NADP-me (red). 
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6 . 2 . 4 Plant measure m e n t s 
Measurements are summarized in Table 6.3 first. 
 
Table 6.3 Measurements and rationale for the greenhouse experiment.  
Measurement Why When Main equipment
Basic dataset of
 35 species 
Understand their natural 
traits and habitats. 
Before July Floras and grass 
databases 
Morphology Basic structure   
Plant traits  July Ruler 
Leaf morphology Basic information During curling 
experiment 
Ruler, Scanner,
Balance (.0001g) 
Leaf longevity Canopy duration From July  
Specific leaf area SLA  Oven 
Hydraulic traits Function for water flux   
Leaf curling experiment Drought avoidance July Ruler, Balance
PV curve Moisture release 
characteristics 
July Pressure Bomb, Test 
tubes, Ice box, 
Balance, etc 
Leaf water content RWC During PV curves Oven, Balance
Kleaf Water transfer capability July Pressure Bomb, Tissues
Stomata size, density Transpiration regulation Oct Microscope
Gas exchange Leaf level A, g s , E Oct-sunny days Li-6400 
 
6.2.4.1 Leaf morphology and leaf curling 
Two mature leaves were taken from each plant: one was saturated with water (1); the 
other was used for the curling experiment (2).  
(1) Leaves were submerged in water and cut through the sheath, transferred into 
labelled test tubes full of water then placed in a lab sink. The sink was covered by a wet 
cloth with tap water dripping on it to keep moisture for leaf saturation overnight. 
(2) In the curling experiment, leaves were weighed on a four-point balance (AE163; 
Mettler Toledo Ltd, Leicester, UK) and leaf width measured at the widest part. Both 
weight and width of each leaf were repeatedly measured for two hours at 15 min 
intervals in a CT room (A117), in which environment conditions were 23~24°C, RH 
60%. After curling, basic leaf  morphological characteristics were recorded (Owensby, 
2004), then these leaves were put into an oven (70°C, 24hour) before weighing. 
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The next morning, saturated leaves were cut again at the lingule. The saturated 
weight and leaf volumes (displacement method in a burette) were measured. Next, 
leaves were scanned on a flatbed scanner (Scanjet 4500c; HP, Berkshire, UK) to get the 
leaf area (ImageJ 1.41, Abramoff, 2004), and then oven-dried. Saturating and curling 
operations were repeated for all the 165 individuals. 
 
Directly measured: leaf width, length, area, volume and weight (saturated and dried)  
Calculated: specific leaf area (SLA), leaf dry matter content (DMC), leaf density and 
thickness, relative leaf width proportion (RWP), relative water content (RWC) 
Curves: Due to the different points of star ting (when leaf curling began) and ending 
(when leaf width stopped changing) for different species, all the models were fitted 
manually. Leaf width loss rates were slopes of curves of RWP (relative rate, % hr -1) 
and leaf width (absolute rate, mm hr-1) against time. Leaf weight loss rate was the 
slope of RWC against time (relative rate, % hr -1). Leaf cuticular conductance was the 
slope of weight loss curve normalized by leaf area (mmol m-2 s-1) during the second 
hour. During the first hour, leaf stomata were assumed still open, but in the next hour 
most leaves had already curled with stomata closed, therefore cuticular conductance 
could be calculated without stomatal transpiration (Boyer e t al. , 1997). 
 
6 . 2 . 4 . 2 Pressur e - v o l u m e (PV) curves 
Leaves were cut and rehydrated overnight as described above. After measuring the Ψ 
with a pressure chamber (Model 1000 Pressure Chamber Instrument, PMS Instrument 
Company, USA), corresponding leaf weight was recorded immediately. During the 
3~3.5 hours moisture release period, both Ψ and leaf weight were measured every 
10~20 min. In the first phase, all leaves were  kept in an ice box to slow down the water 
loss rate (measured more frequently at 10 min interval). When Ψ became stable after 
about one hour for most species, the second phase started (measured at 20 min intervals) 
and leaves could be taken out of the box to lose water faster. Finally oven-dried leaves 
were weighed to get RWC and DMC. 
PV curves were drawn from raw data and analysed by a stepwise method. First a 
straight line was fitted via the stepwise addition of points from the lowest RWC to 
higher RWC to estimate the response of osmotic potential (Ψo) to RWC (Figure 6.3A). 
The fitted Ψo values were then subtracted from Ψ to obtain the pressure potential (Ψp). 
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Directly measured: leaf dry weight, Ψ at balance (Ψ), time interval 
Calculated: Kleaf, normalized for both leaf area and the width of the cut edge. 
 
6 . 2 . 4 . 4 Leaf gas exchange 
Measurements were carried out with an open leaf gas exchange system (model LI-6400, 
Li-Cor, Lincoln, NE, USA). The conditions of the leaf chamber were set at the 
following levels: CO 2 concentration, 400 μmol mol−1 (provided by CO2 cylinders); leaf 
block temperature, 30°C; photosynthe tically active radiation (PAR), 2000 μmol m−2 s−1; 
flow rate, 400 μmol s−1; RH in the sample cell, 70~85 %,  which was in order to keep the 
vapor pressure deficit (VPD) in the leaf chamber around 1~1.5 kPa.  
 On sunny days, a healthy youngest mature leaf from each plant was chosen and put 
under an optical fiber light source around 1800 μmol m−2 s−1 to pre-adapt for around 10 
min. Then the leaf was clamped into the gas exchange chamber. When the 
photosynthetic rate and conductance to H2O reached steady state (for 15 min or more), 
the data were recorded. After recording, the whole leaf was taken off and put into an 
envelope for nitrogen concentration measurement. The part in the chamber was cut 
separately into another envelope for dry weight, and SLA calculation. 
 
Directly measured: photosynthetic rate (A), tr anspiration rate (E), stomatal conductance 
( g s), intercellular CO2 concentration (Ci) 
Calculated: specific leaf area (SLA), inst antaneous water use efficiency (iWUE) 
 
6.2.4.5 Leaf longevity 
After being transferred into the large pots, one leaf of each plant was tagged and 
observed every week from 21 July, 2009 till it died. The process of leaf senescence was 
recorded as area percentage of dead parts.  
 
Directly measured: percentage of gr een leaf area, days after tagging 
Calculated: leaf life sp an and senescence rate 
 
6 . 2 . 4 . 6 Stomat a size and density 
Nail polish imprints were taken from a fresh mature leaf for each individual. Methods of 
sampling, counting and calculation were the same as in Chapter 5. The only additional 
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record was the width and density of parallel leaf veins, but for these data no clear 
patterns related with water transport ability were found. 
 
Directly measured: guard cell length, stomat al width, stomatal aperture length, stomata 
numbers, vein width and numbers 
Calculated: stomata density, ve in density, stomatal size, stomata pore area index (SPI), 
the maximum diffusive conductance to water vapor ( g max) 
 
6.3 Results 
6.3.1 Subfamily comparisons 
Morphologically, Chloridoideae species were shorter plants with smaller seeds, but with 
longer and much narrower leaves than Panicoideae, which led to a smaller area and 
volume for individual leaves (Table 6.4, all P  < 0.05). The two subfamilies had similar 
single leaf dry mass, which made indices of leaf structure indistinguishable except for 
the greater specific leaf area (SLA) of Chloridoideae. They also had similar leaf 
longevity of around 55 days, although species had different leaf life span and mortality 
rate, the overall duration of senescence was around 40% of the leaf lifespan. However, 
Chloridoideae showed distinctively smaller stomatal length and width, but higher 
stomatal density than Panicoideae. Meanwhile, there were no differences in stomatal 
size between the two leaf sides, but much higher stomatal density and SPI for the 
abaxial than adaxial surface (Table 6.4, P  < 0.05). Chloridoideae had smaller abaxial 
SPI ( P  < 0.01), adaxial SPI and g max ( P  ns) than Panicoideae (Table 6.4).  
In leaf curling and cuticular conductance experiments, leaves of Chloridoideae curled 
and lost water after cutting from the plants at a similar absolute rate to these of 
Panicoideae. However, due to the narrower original leaf widths, relative width loss of 
Chloridoideae was much faster than that of Panicoideae. After stomata closed, leaf 
cuticular conductance was slightly smaller for Chloridoideae (Table 6.4). 
For ecophysiological traits, Chloridoideae had slightly greater drought tolerance 
potential than Panicoideae, including more negative Ψ under ambient conditions (Ψ) 
and at saturation (Ψsat). The Kleaf of Chloridoideae was less than that of Panicoideae, 
implying higher internal resistance of leaves of Chloridoideae. For leaf gas exchange, 
no significant differences were found between the two subfamilies, although 
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Chloridoideae showed smaller g s and higher iWUE. Finally, habitat water score and 
MAP of Chloridoideae species were lower than those of Panicoideae (Table 6.4). 
When only PCK species were included, fewer significant differences could be found 
between the two subfamilies (Table 6.4). Culm height, leaf area and all leaf structural 
indices were no longer significantly different, and nor were stomatal width, adaxial 
stomatal density and SPI, as well as the leaf cuticular conductance. Surprisingly, the 
results for hydraulic traits were reversed, with the exception of Kleaf. The Ψ and Ψsat lost 
significant differences, while Ψosat, TLP and ε showed significant differences. The same 
happened for g s , indicating more ecophysiological differences between subfamilies 
within PCK species (Table 6.4).   
 
Table 6.4 Comparisons between Chloridoideae and Panicoideae, for both total and PCK 
only species. Data are means ± SE, sample sizes are shown in the heading. Level of 
significance for t -tests: * P  < 0.05; ** P  < 0.01; *** P  < 0.001; ns, not significant.  See 
abbreviations in methods. 
 
Chloridoideae 
 (total 12 species 
7 PCK species) 
Panicoideae 
 (total 21 species 
7 PCK species) 
P  
(total) 
P 
 (PCK 
only) 
M o r p h o l o g y and leaf longe v i t y     
Culm height (cm)  55 ± 5.5  91 ± 6.2  *** ns 
Leaf length (cm)  41 ± 2.4  34 ± 1.4 * *** 
Leaf width (mm)  6 ± 0.3 11 ± 0.4 *** *** 
Scanned leaf area (cm2) 22 ± 1.6 28 ± 1.7 ** ns 
Single leaf volume (cm3) 0.5 ± 0.04 0.6  ± 0.04 * * 
Single leaf dry weight (mg) 69 ± 8.0 78 ± 5.3 ns * 
Seed size (mm2) .88 ± .15 2.11 ± .12 *** ** 
Leaf longevity (day) 53 ± 2.1 57 ± 2.4 ns ns 
Leaf structu re     
DMC (%) 17 ± 0.6 17 ± 0.4 ns ns 
SLA (m2 kg-1) 45 ± 2.1 40 ± 1.0  * ns 
Leaf density (g cm-3) 0.14 ± 0.006 0.14 ± 0.005 ns ns 
Leaf thickness (mm) 0.19 ± 0.011 0.21 ± 0.005 ns ns 
S t o ma t a l trait s     
Guard cell length (µm)   24 ± 1.0  32 ± 0.9  *** *** 
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Stomatal width (µm)   15 ± 0.4  18 ± 0.4  *** ns 
Stomatal pore length (µm) 12 ± 0.5  18 ± 0.7  *** *** 
Abaxial stomatal density (mm-2) 223 ± 18.3  136 ± 6.9  *** *** 
Adaxial stomatal density (mm-2) 147 ± 16.3  105 ± 7.7  * ns 
Abaxial SPI  10.9 ± 0.56  13.4 ± 0.54  ** ns 
Adaxial SPI  7.5 ± 0.74  9.1 ± 0.52  ns ns 
g max (mol m-2 s-1) 5.0 ± 0.24  4.5 ± 0.16  ns ns 
L e a f curli n g     
Leaf curli n g rate      
Relative width loss (% hr -1) 77 ± 10 37 ± 3 *** * 
Absolute width loss (mm hr -1) 2.6 ± 0.26  2.5 ± 0.21  ns ns 
L e a f weight loss rate      
Relative weight loss (% hr -1) 14 ± 0.4 14 ± 0.5 ns * 
Leaf cuticular conductance  
(mmol m-2 s-1) 
0.27 ± 0.019 0.29 ± 0.015 * ns 
Leaf width/weight relative loss 
(% hr -1) 
4.88 ± 0.51 2.53 ± 0.24 ** ns 
H y d r a u l i c trait s     
Ψsat (MPa) -0.20 ± 0.02 -0.16 ± 0.01 * ns 
Ψosat (MPa) -1.1 ± 0.04 -1.0 ± 0.02 ns ** 
TLP (MPa) -1.2 ± 0.04 -1.1 ± 0.03 ns *** 
ε 0.12 ± 0.009 0.11 ± 0.004 ns * 
Ψ (MPa) -0.54 ± 0.034 -0.45 ± 0.020 * ns 
Kleaf (mmol m-2 s-1 MPa-1) 17 ± 0.9 19 ± 0.7 * ** 
L e a f gas excha n g e     
A (μmol CO2 m-2 s-1) 18 ± 1.1 17 ± 0.6 ns  ns 
g s  (mmol H2O m-2 s-1) 0.16 ± 0.012 0.17 ± 0.008 ns  * 
Ci (μmol CO2 mol-1) 190 ± 5.5 196 ± 4.2 ns  ns 
E (mmol H2O m-2 s-1) 3 ± 0.2 3 ± 0.1 ns  ns 
iWUE (A/g s ) 117 ± 3.3 111 ± 2.5 ns  ns 
H a b i t a t trait s     
Water range 2.0 ± 0.6 2.1 ± 0.8 ns  ns 
Water score 1.95 ± 0.56 2.83 ± 0.56 *** ** 
Mean annual temperature (°C) 17.8 ± 1.6 19.9 ± 0.8 ns  ns 
Mean annual precipitation (mm) 764 ± 98 1090 ± 75 * ns 
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6 . 3 . 2 Phylog e n e t i c signal s for single traits  
Phylogenetic tests showed that most traits did not show phylogenetical dependence 
(Table 6.5a). None of the morphological traits except leaf width and seed size, showed 
phylogenetic signals, and neither did leaf longevity nor any other leaf structural traits 
including DMC (all λ values < 0.06, with P  > 0.05 for λ = 0). However, most of the 
stomatal traits showed significant high λ values, with the exception of adaxial stomatal 
density. The recalculated indices SPI and g max had no phylogenetic signals. All λ values 
of parameters calculated in the leaf curling process, hydraulic traits and leaf gas 
exchange were not significantly different from zero, except leaf relative width loss. For 
habitat traits, a strong phylogenetic signal was found for water score and MAT, but 
there were no signals for water range and MAP (Table 6.5a). 
For each group of traits in Table 6.5, traits that were tightly related with plant 
hydraulics were plotted across the phylogenetic tree. Most traits of plant size like culm 
height showed random distributions of values, so that no phylogenetic signals could be 
found (Figure 6.6-1, 2). Stomatal traits had clear subfamily divergences, so did leaf 
relative width loss (Figure 6.6-3, 4, 5). There was also variation in leaf relative weight 
loss, leaf conductance and gas exchange, but no phylogenetic patterns (Figure 6.6-6 to 
11). Habitat water score showed higher values for Panicoideae as in previous chapters 
(Figure 6.6-12). 
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Figure 6.5 Hydraulic related plant traits plotted across the phylogenetic tree. C4 subtypes 
are shown in color squares as PCK (blue), NAD-me (black) and NADP-me (red). 1, 
culm height; 2, leaf dry weight; 3, stomatal size; 4, stomatal density; 5, leaf relative 
width loss; 6, leaf relative weight loss; 7, turgor loss point; 8, leaf water potential; 9, 
Kleaf; 10, photosynthetic rate; 11, leaf transpiration rate; 12, water score. 
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Table 6.5 Results for (a) phylogenetic tests, (b) generalized linear mixed-effects models (GLMM) for phylogeny and photosynthetic type and (c) 
GLMM for phylogeny and habitat type in the greenhouse experiment. (a) Estimated λ values for quantitative indices of the 33 grass species. (b) 
GLMM with phylogeny (S, subfamily) and photosynthetic type (P, PCK and non-PCK) as two fixed factors, species as a random effect. (c) 
GLMM with phylogeny (S, subfamily) and habitat type (H, arid, intermediate and wet) as two fixed factors, species as a random effect. Water 
range and water score were not tested for habitat type effects, since they were similar parameters from flora records. Sample size ( n ), λ values, P  
values for phylogenetic tests; Total individual numbers ( n ), F values, d.f.  (under each factor) and P  values for GLMM are reported. Level of 
significance: * P  < 0.05; ** P < 0.01; *** P  < 0.001; ns, not significant. Abbrev iations are the same as above. 
 (a) Phylogenetic test   (b) GLMM of C4 subtype  (c) GLMM of habitat type 
M o r p h o l o g y  n λ 
P 
(λ = 0) 
P  
(λ = 1) 
 n 
S 
(1, 29) 
P 
(1, 29)  
S × P 
(1, 29) 
 
S 
(1, 27) 
H  
(2, 27) 
S × H 
(2, 27) 
Culm height (cm)  3 3 0.03 ns **  1 6 5 3 . 1 2* .05 .99  3.38 1.53 1.25 
Leaf length (cm)  3 3 0.00 ns ***  2 2 4 4 . 6 5* 3.25 1.22  1 . 0 2* .27 .92 
Leaf width (mm)  3 3 0 . 2 8 * ***  2 2 4 1 0 . 22 * * .20 .32  11 . 72 * * .07 3.38 
Scanned leaf area (cm2) 3 3 0.00 ns ***  2 2 3 1.39 .04 2.16  1.34 .53 .97 
Single leaf volume (cm3) 3 3 0.00 ns ***  2 2 3 1.06 .03 4 . 8 1*  1.00 .82 1.50 
Single leaf dry weight (mg) 3 3 0.00 ns ***  2 2 3 .31 .25 4 . 3 8*  .29 1.02 1.28 
Seed size (mm2) 3 3 0 . 2 5 * ***  1 6 5 5 6 . 24 * ** 2.75 1.12  5 7 . 29 * ** 3 . 4 5* 2.24 
Leaf longevity (day) 3 3 0.00 ns **  1 6 3 .24 .61 .82  .24 .61 .82 
Leaf structu re              
DMC (%) 3 3 0.00 ns ***  2 2 2 .00 .44 .16  .00 1.00 .16 
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SLA (m2 kg-1) 3 3 0.00 ns ***  2 1 4 1.27 2.02 2.88  1.39 .11 4 . 9 2*  
Leaf density (g cm-3) 3 3 0.00 ns ***  2 1 7 .02 1.00 .66  .02 1.26 .32 
Leaf thickness (mm) 3 3 0.00 ns ***  2 2 2 .92 .06 3.96  1.39 2.33 1 0 . 41 * *
S t o ma t a l trait s              
Guard cell length (µm)   3 3 0 . 7 1 * * * **  9 9 1 8 . 89 * ** 1.63 .23  1 8 . 05 * ** 1.13 .12 
Stomatal width (µm)   3 3 0 . 6 2 * **  9 9 9 . 7 1* * 3.37 1.13  8 . 0 1* * .14 .19 
Stomatal pore length (µm) 3 3 0 . 5 8 * * ***  9 9 1 5 . 14 * ** .69 .22  1 5 . 46 * ** 1.32 .46 
Abaxial stomatal density (mm-2) 3 3 0 . 9 3 * * * ns  9 2 1 3 . 17 * * 4.7 0*  3.89  9 . 9 0* * .23 .40 
Adaxial stomatal density (mm-2) 3 3 0.00 ns ***  9 9 8 . 7 6* 1.27 2.07  2.98 1.32 2.54 
Abaxial SPI  3 3 0.08 ns ***  9 2 6 . 0 8*  1.30 8 . 3 3* *  6 . 0 8*  1.30 8 . 3 3* * 
Adaxial SPI  3 3 0.01 ns ***  9 9 1.07 .41 1.18  1.02 .23 .82 
g max (mol m-2 s-1) 3 3 0.00 ns ns  9 9 1.37 4 . 2 2*  .01  1.16 .45 .08 
L e a f curli n g              
Leaf curli n g rate               
Relative width loss (% hr -1) 3 3 0 . 5 2 * * ***  1 6 3 1 4 . 97 * ** .01 .15  2 5 . 00 * ** 8 . 6 3* * 5.9 2* * 
Absolute width loss (mm hr -1) 3 3 0.00 ns ***  1 6 3 .02 1.53 .00  .02 2.79 .18 
L e a f weight loss rate              
Relative weight loss (% hr -1) 3 3 0.00 ns **  1 6 3 .00 .32 2.48  .00 1.32 .58 
Leaf cuticular conductance 
(mmol m-2 s-1) 
3 3 0.00 ns *  1 6 3 1.42 .02 .04  .00 1.32 .58 
Leaf width/weight relative loss 3 3 0 . 3 6 ns ***  1 6 3 5 . 7 9* .40 .01  6 . 3 8* 1.84 2.00 
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(% hr -1) 
H y d r a u l i c trait s              
Ψsat (MPa) 3 3 0.03 ns ***  1 6 2 3 . 4 6*  .01 .03  3.70 .07 2.09 
Ψosat (MPa) 3 3 0.00 ns **  1 6 2 1.10 1.03 4 . 8 1*  .91 .58 .13 
TLP (MPa) 3 3 0.00 ns *  1 6 2 1.01 1.28 5 . 0 6*  .81 .48 .19 
ε 3 3 0.00 ns **  1 6 2 1.11 1.55 2.36  1.01 1.32 .12 
Ψ (MPa) 3 3 0.01 ns **  1 9 6 3 . 0 8*  1.32 .76  2.89 .68 .37 
Kleaf (mmol m-2 s-1 MPa-1) 3 3 0.00 ns ***  1 6 5 1.37 .03 2.02  1.31 .41 .97 
L e a f gas excha n g e              
A (μmol CO2 m-2 s-1) 3 3 0.00 ns ***  1 4 0 .13 .27 3.26  .12 .43 1.57 
g s  (mmol H2O m-2 s-1) 3 3 0.00 ns ***  1 4 0 .11 .15 1.48  .11 .21 1.42 
Ci (μmol CO2 m-2 s-1) 3 3 0.00 ns ***  1 3 7 .34 .00 .09  .39 2.20 .92 
E (mmol H2O m-2 s-1) 3 3 0.00 ns ***  1 4 0 .05 .06 2.94  .05 .17 2.60 
iWUE (A/gs ) 3 3 0.00 ns ***  1 4 0 1.29 .01 .02  1.46 2.63 .59 
H a b i t a t trait s              
Water range 3 3 0.00 ns ***  3 3 .27 .00 .00  - - - 
Water score 3 3 0 . 5 5 * ns  3 3 1 7 . 28 * *  .82 .21  - - - 
MAT (°C) 2 8 0 . 9 0 * ns  2 8 1.92 2.96 .08  .08 1 2 . 76 **  24.5 ** *  
MAP (mm) 2 8 0.22 ns ***  2 8 6 . 7 1* .47 .60  9 . 1 4 **  20.56 ***  1.31 
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6 . 3 . 3 Phyloge n y interac t s with C 4  subtype and habitat type 
Phylogeny and photosynthetic type affected traits differently. Subfamily effects were 
found for culm height, leaf length and width, seed size, stomatal size related traits, leaf 
relative width loss, Ψsat, Ψ, water score and MAP (Table 6.5b). Meanwhile, only g max 
was affected by the PCK/non-PCK grouping. Several indices showed significant 
interactions between the two factors, but most were affected by none of these factors 
(Table 6.5b). Compared with the exploratory two-way ANOVA results, species as a 
random factor in GLMM reduced detectable effects from fixed factors or their 
interaction, indicating that interspecific differences were an important source of 
variance. All the traits with significant photosynthetic type effect or an interaction 
between subfamily and photosynthetic type were plotted to see how these effects arise 
(Figure 6.6). Within Chloridoideae, PCK species always had higher values than NAD-
me species. While within Panicoideae, there were no general patterns among three C4 
subtypes, but the value of PCK species was the main driver for an interaction. 
 
Figure 6.6 Comparisons of traits for different subfamilies and C4 subtypes based on 
GLMM results (Table 6.5b). Species numbers are shown under each bar. 
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For the habitat traits, there was a positive relationship between MAP and water score, 
with Panicoideae in wetter habitats (Figure 6.7A). This also confirmed that the three 
habitat types were also consistent with MAP, although species of Chloridoideae could 
also live in wet habitats (e.g. Spartina pectinata ) and species of Panicoideae in arid 
habitats (e.g. A l l o t e r o ps i s semia l a t a ). There were 5, 5, 2 species of Chloridoideae and 2, 
14, 5 species of Panicoideae classified into arid, intermediate and wet habitat, 
respectively (Figure 6.7B).  
 
Figure 6.7 (A) relationship between MAP and water score, and (B) distribution of MAP 
for each habitat type for the 33 grass species in the greenhouse experiment. Subfamilies 
are Chloridoideae (black) and Panicoideae (red).  
 
Habitat type also interacted with phylogeny differently. Although most traits were 
affected by neither of the two factors, subfamily had a significant effect on leaf length, 
leaf width and all the stomatal related traits except SPI (Table 6.5c). Subfamily and 
habitat type had additive effects on seed size, water score and MAP without interactions, 
but habitat type alone had no effects. Several indices, including SLA, leaf thickness, SPI, 
leaf relative width loss and MAT, showed significant interactions between the two 
factors. Traits with significant habitat or interaction effects were investigated further in 
Figure 6.8. Variation among the three habitats was larger in Chloridoideae than in 
Panicoideae. Within Chloridoideae, arid and wet species tended to have extreme trait 
values, with intermediate species either similar to arid or wet species, depending on the 
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three very high SLA (very thin leaves) species Sporobolus nebulosus, Cynodon 
dacty l o n and Dactyloc t e n i u m scindi c u m (Figure 6.8ABC). Higher abaxial SPI and leaf 
relative width loss for Chloridoideae was mainly from intermediate and wet habitats 
(Figure 6.8DE). MAT and MAP showed more gradients among habitat rather than 
between subfamilies (Figure 6.8FG).  
 
Figure 6.8 Comparisons of traits for subfamily and habitat type, based on GLMM results 
(Table 6.5c). Species numbers are shown under each bar. 
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Table 6.6 Models of the scaling of morphological traits for grass species in the 
greenhouse experiment. Coefficients and F values are for (a) general linear models 
(GLM) and (b) phylogenetic general linear models ( PGLM ). All data were natural 
logged in tests. The definitions of n , F, λ and P are as above. Abbreviations: CH, culm 
height; LL, leaf length; LW, leaf width; SS, seed size; GL, guard cell length; SD, 
stomatal density; SW, stomatal width. 
 
Stomatal sizes were similar between two leaf sides, although the adaxial stomatal 
size tended to be larger than that on the abaxial side. Two species, Andropogon gayanus  
and D a c t y l o c t e n i u m scindicu m , had no stomata on the adaxial side (Figure 6.9A). 
Abaxial stomata density was higher than adaxial density for several hypostomatous 
species (Figure 6.9B). There was a negative relationship between stomatal size and 
density on both sides. Species from Chloridoideae had smaller stomata and higher 
stomatal density, especially for species in Cynodonteae, which all had extremely high 
stomatal density. Meanwhile, all other tribes were not densely clustered, although 
species in the upper left corner of the trait space all belonged to Paniceae (Figure 
6.9CD). 
 (a) GLM  (b) PGLM   
y  ~ x  n F P  slope R 2  n F P λ P  
(λ = 0 ) 
P  
(λ = 1 ) 
slope R 2
LL ~ CH  33 9.42 **  . 2 3 .21  33 9.31 ***  .02 ns ***  . 2 3 .21
LW ~ CH  33 17.1***  . 3 5 .33  33 13.7 *** .23 ns ***  . 3 0 .28
SS ~ CH  33 1.79 ns .34 .02  33 .79 ns .24 ns ***  .20 .01
GL ~ CH  33 .04 ns .01 -.03  33 .26 ns .69 ***  **  -.02 -.02
SW ~ CH  33 .69 ns .03 -.01  33 .10 ns .62 *  **  .01 -.03
SD ~ CH  33 .76 ns .08 -.01  33 1.66 ns .95 ***  ns .08 .02
LW ~ LL  33 .24 ns .11 -.02  33 .23 ns .28 *  ***  .09 -.02
SS ~ LL  33 .34 ns -.32 -.02  33 .07 ns .25 *  ***  -.13 -.00
GL ~ LL  33 1.41 ns -.12 .01  33 1.82 ns .74 ***  *  -.09 .02
SW ~ LL  33 .36 ns -.04 -.02  33 .69 ns .64 **  **  -.05 -.01
SD ~ LL  33 1.93 ns .25 .03  33 2.40 ns .98 ***  ns .17 .04
SW ~ GL  33 69.3 ***  . 6 2 .68  33 72.2 *** .00 ns **  . 6 4 .69
SD ~ GL  33 71.1 ***  - 1 . 5 8 .69  33 73.1 *** .00 ns **  - 1 . 6 0 .69
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Figure 6.9 (A) stomatal size and (B) stomatal density on both leaf sides; and 
relationships between stomatal size and density on (C) adaxial and (D) abaxial leaf side. 
Data are mean ± SE, n  = 6 for Chloridoideae (black ) and Panicoideae (red).  
 
6 . 3 . 5 Leaf structu r e and curling experim e n t 
Interspecific variation in leaf construction was analysed by plotting original data such as 
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than Chloridoideae, which was opposite to the results of average value of SLA (Table 
6.4). Large variation among species in Chloridoideae, especially three species 
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high SLA promoted a higher average SLA in t -tests in Table 6.4. 
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Figure 6.10 Leaf structure analyses of (A) leaf dry matter content (DMC) and (B) 
specific leaf area (SLA). Subfamilies are Chloridoideae (black) and Panicoideae (red). 
Each point is a species with means ± SE ( n  =6). Subfamily differed in SLA but not 
DMC, and so two fitted lines are shown for SLA and one for DMC. 
 
Leaf curling comparison showed that the wider a leaf was, the higher the absolute 
width loss, with subfamily as an important factor in explaining variance, but only a 
significant positive relationship for Panicoideae was found (Figure 6.11A). Although 
two subfamilies had similar absolute width loss (Figure 6.11C), the time to achieve 
curling end points was more ecologically meaningful, and this was much faster for 
Chloridoideae species, with an extreme species, Sporobolus nebulosus  that could 
quickly curl in ten minutes. On the other hand, leaf cuticular conductance and relative 
weight loss had no differences among species (Figure 6.11BD). 
0.05 0.10 0.20 0.50 1.00
0.
00
5
0.
02
0
0.
05
0
0.
20
0
Leaf saturated weight (g)
Le
af
 d
ry
 w
ei
gh
t (
g)
y =1.07x-1.72;  R 2 =0.92***
A
0.005 0.020 0.050 0.200
5
10
20
50
Leaf mass (g)
Le
af
 ar
ea
 (cm
2 )
y=0.62x +4.77;  R 2 =0.90***
y =0.77x +5.31;  R 2 =0.91***
B
Chapter 6                                                Leaf structure and hydraulic traits of C4 grasses in a greenhouse 
158 
 
  
Figure 6.11 (A) absolute leaf width loss against leaf width, (B) leaf cuticular 
conductance against leaf mass. (C) Relative leaf width loss and (D) weight loss for 
subfamilies and C4 subtypes. Subfamilies are Chloridoideae (black) and Panicoideae 
(red), the red line shows a linear regression for Panicoideae, each point is a species with 
means ± SE ( n  = 6).  
 
6.3.6 PV curves and leaf hydraulic traits 
To investigate the net effects on PV curves of the interactions between subfamily and 
photosynthetic type for Ψosat and TLP, the subfamily effects on Ψsat and no effects on ε 
(Table 6.5b), subgroups were used to compare among PV curves (Figure 6.12A). In the 
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Chloridoideae species had the most negative Ψsat ( y  intercept in the turgor loss phase), 
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the lowest RWC at TLP (lowest slope in the turgor loss phase). PCK species in 
Chloridoideae had the most negative Ψosat ( y  intercept in the osmotic phase), TLP and 
the biggest Young’s modulus of elasticity ( ε). Meanwhile, Panicoideae species had the 
least negative Ψsat ( y  intercept in the turgor loss phase), within which NAD-me species 
had the least negative Ψosat ( y  intercept in the osmotic phase) and TLP (highest slope in 
the osmotic phase).  
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Figure 6.12 PV curves of different subfamily and C4 subtype groups. (A) The entire PV 
curve; (B) magnified turgor loss phase and (C) magnified osmotic loss phase. Data are 
modeled on average values of species in each group. 
 
For all the hydraulic traits, although no overall differences were found in the shape of 
the PV curves between the two subfamilies, there were basic relationships among its 
parameters. Structurally, ε was positively related with RWCtlp, meaning that a steeper 
initial fall in Ψp with RWC led to a loss of turgor at higher RWC (Figure 6.13A). Both ε 
and TLP increased with leaf DMC, which meant the greater DMC of a leaf, the less 
elastic and the more negative TLP would be (Figure 6.13BD). Functionally, ε was 
negatively related with Kleaf (Figure 6.13C). Other leaf traits such as SLA, leaf thickness 
and volume were also explored in the tests but only DMC showed significant 
relationships with parameters of the PV curve. 
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Figure 6.13 Leaf hydraulic traits for leaf elasticity index (ε) with (A) RWC at TLP, (B) 
DMC, (C) leaf hydraulic conductance (Kleaf) and (D) TLP with DMC.  
 
6.3.7 Relatio n s h i p s of plant traits with habita t water availa b i l i t y 
For morphological traits, although culm height, leaf width and seed size showed 
positive relationships with habitat water availability, they were not significant for either 
GLM or PGLM  models (Table 6.7). Stomatal traits all showed highly significant 
associations with water score in GLM models, but only guard cell length and stomatal 
density had significant relationships in the PGLM  models (Table 6.7).   
Neither leaf relative width loss and cuticular conductance, nor PV curve and leaf gas 
exchange related traits showed significant relationships with water score. The only 
exception was Kleaf, positively associated with water score (Table 6.7). MAP had also 
been put into the models as an environmental factor, but the relationships were similar 
and weaker compared with those of water score.  
80 85 90 95 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
RWC at TLP (%)
You
ng
’s 
m
od
ul
us
 o
f e
la
st
ic
ity
, 
 ε
A
5 10 15 20 25 30
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
Dry matter content (%)
You
ng
’s 
m
od
ul
us
 o
f e
la
st
ic
ity
, 
 ε
B
0 10 20 30 40
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
K leaf  (mmol m−2 s−1 M Pa −1)
You
ng
’s 
m
od
ul
us
 o
f e
la
st
ic
ity
, 
 ε
C
5 10 15 20 25 30
-0
.5
-1
.0
-1
.5
-2
.0
Dry matter content (%)
Tur
go
r 
lo
ss
 po
in
t 
(MPa
)
D
Chapter 6                                                Leaf structure and hydraulic traits of C4 grasses in a greenhouse 
161 
 
 
Table 6.7 Models of the relationships between morphological traits and water score for 
grass species in the greenhouse experiment. Coefficients and F values are for (a) general 
linear models (GLM) and (b) phylogenetic general linear models (PGLM ). All data were 
natural logged in tests. RWL, relative width loss; CC, cuticular conductance; other 
abbreviations are as above. 
 
6.4 Discussion 
6.4.1 Phyloge n y interac t s with photosy n t h e t i c type and habitat type 
Chloridoideae differed from Panicoideae in most morphological traits and curling rates, 
but not in most hydraulic and gas exchange traits (Table 6.4). However, both 
photosynthetic type and habitat type interacted with phylogeny for many plant traits 
(Table 6.5bc; Figure 6.7, 6.8). Therefore general conclusions on grass traits or drought 
tolerance based only upon phylogenetic lineages, C4 subtypes or habitat gradients (Taub, 
 (a) GLM  (b) PGLM   
y  ~ x  n  F P  slope R 2  n F P λ P  
(λ = 0 ) 
P  
(λ = 1 )
s l o p e R 2
CH ~ water  33 1.25 ns .61 .01  33 1.04 ns .00 ns ** .54 .001
LL ~ water  33 .12 ns -.09 -.03  33 .17 ns .00 ns *** -.11 -.03
LW ~ water  33 3.23 ns .55 .08  33 .29 ns .22 ns *** .17 -.02
SS ~ water  33 3.22 ns 1.38 .06  33 .46 ns .20 ns *** .52 -.02
GL ~ water  33 11.16** . 4 2 .24  33 4.32 * .66 **  *** . 2 4 .09
SW ~ water  33 5.44*  . 2 3 .12  33 2.67 ns .59 *  *** .16 .05
SD ~ water  33 7.79** - . 6 9 .18  33 6.72 * .96 ***  ns - . 5 4 .15
g max  ~ water  48 4.49 * - . 3 2 .10  33 11.57 ns .84 *  ns -.48 .25
RWL ~ water 19 .49 ns .19 -.02  33 .51 ns .58 **  *** .19 -.02
CC~ water  21 1.15 ns .29 .00  33 1.33 ns .00 ns ** .31 .01
Ψsat ~ water  25 1.56 ns -.24 .02  33 1.45 ns .00 ns *** -.22 .01
TLP  ~ water 27 3.76 ns -.22 .08  33 4.57 ns .00 ns ** -.24 .10
ε  ~ water  29 .96 ns -.22 -.00  33 1.00 ns .00 ns *** -.21 .00
Ψ  ~ water  32 2.51 ns -.27 .05  33 2.96 ns .00 ns *** -.29 .06
Kleaf  ~ water  33 7.01 * . 4 7 .16  33 7.00 * .00 ns *** . 4 6 .16
g s   ~ water  36 .71 ns .20 -.00  33 .67 ns .00 ns *** .20 -.01
E  ~ water  38 .30 ns .11 -.02  33 .29 ns .00 ns *** .10 -.02
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2000; Edwards e t al. , 2010) should be reconsidered; this is important for research on 
biogeography, plant functional types (PFTs) and evolutionary ecology.  
Previous studies have already implied interaction effects but not tested these directly. 
For example, a significant greater enhancement of entire plant water use efficiency 
(WUE) of NAD-me (1.20 fold) than NADP-me (1.11 fold) species under drought was 
reported by Ghannoum e t al.  (2002). Reanalysis of their data (NAD-me: 2 Paniceae, 7 
Chloridoieae; NADP-me: 5 Paniceae, 4 Andropogoneae) from a phylogenetic 
perspective showed that, within NAD-me species, Chloridoideae had higher WUE than 
Panicoideae; while within NADP-me species (all Panicoideae), the enhanced WUE was 
brought mainly by the tribe Paniceae (1.14 fold) rather than the tribe Andropogoneae 
(1.08 fold). Although both differences were not significant due to insufficient statistical 
power (low species number), it implied interaction between subfamily and C4 subtype 
as in this study. Another phylogenetically controlled experiment on 12 Paniceae species 
(C3, NAD-me and NADP-me) showed clear differences of iWUE between C3 and C4 
types, but no differences between NAD-me and NADP-me species (Taylor et al. , 2010). 
However, this study provided solid statistical evidence that both phylogeny and C4 
subtype played roles in different morphological and physiological traits. Meanwhile, the 
same problem found as in Ghannoum e t al.  (2002) was that direct comparisons between 
NAD-me and NADP-me species actually meant comparisons between Chloridoideae 
and Panicoideae, with only PCK species allowing the two factors to be disentangled 
(Table 6.4).  
For habitat type, it arose from Chapter 4 and 5 that habitat water was an important 
factor in measuring niche partitioning at the community level, therefore the interactions 
with phylogeny were reasonable for these traits measured in the greenhouse, because 
the habitat type was obtained from regional floras.  
A second important finding was that phylogeny tends to affect morphological traits 
more, while C4 subtype tends to be more related with physiological traits, especially leaf 
hydraulic traits. A possible explanation is that morphological traits of species from 
distant lineages are less flexible in phenotypes than physiological traits. The 
physiological traits at the leaf level rely more on instantaneous responses like enzyme 
activities and stomatal activities which should relate tightly with C4 subtypes as 
discussed in previous chapters. 
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6 . 4 . 2 Phyloge n e t i c signals for single and paired traits 
Very weak phylogenetic signals were found for single traits except for stomatal traits, 
water score and MAT, confirming the hypothesis that PNC might disappear at the 
species scale, and for traits related more closely with physiology. Besides the 
explanations discussed in Chapter 5, one reason was that sampling of the species in this 
study was so “dispersed” from different lina ges. The fact that each phylogenetic clade 
was represented by only one or two species may lead to a lower possibility of finding 
conservatism between closer clades (Cavender-Bares et al ., 2009). Another possible 
reason was that those non-significant traits were ecologically convergent traits filtered 
by environment, thereby eliminating phylogenetic differences (Webb e t al ., 2002).   
This study confirmed again that scaling effects existed separately within a plant size 
cluster of traits and a stomatal size cluster (Chapter 5). It emphasized again that habitat 
water affected plant size more than stomatal traits (Table 6.7). The weak association 
between morphological and physiological indices with habitat water maybe because 
those indices were all measured in a uniform environment. A uniform greenhouse 
environment for all the species blurred their hydraulic differences, especially when no 
drought treatments were applied. The simulated tropical weather in the greenhouse 
provided a very humid (RH 70%) environmen t, where no direct drought responses can 
be detected, because under high humidity the hydraulic advantages of dumb-bell shaped 
stomata cannot be expressed (Franks & Far quhar, 2007). Therefore, although subfamily 
and habitat type had effects on water score and MAP, neither subfamily nor habitat type 
affected hydraulic traits, perhaps reflecting the differences between the greenhouse 
environment and natural habitats. 
 
6.4.3 Similar leaf structure,  different stomatal and leaf hydrauli c traits 
There were four leaf conductance indices to describe how fast leaves lose water. 
Morphologically based g max is an estimation of the capacity for gas exchange if stomata 
are fully open; leaf cuticular conductance is water loss when stomata are fully closed; g s  
is the instantaneous stomatal conductance and Kleaf is the water transportation capacity 
of the whole leaf. In this study, g max had no clear relationships with other three indices, 
implying the capacity imposed by stomatal morphology was different from the stomatal 
conductance achieved. The sum of leaf cuticular conductance and g s  would constrain 
the potential transpiration rate for the leaf, which would be expected to be positively 
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related with Kleaf, but there was no evidence of that in this study ( y = 0.007· x +0.26, F1,99 
= 9.8, R 2= 0.08 ** ). Therefore subfamily differences were explored. 
Smaller but denser stomata, as in the case of Chloridoideae, are more easily 
controlled during short term water stress (Franks & Farquhar, 2007). Smaller stomata 
for Chloridoideae confirmed the records from flora and the field reported in previous 
chapters. With denser stomata in the g max formula, Chloridoideae had slightly higher 
g max (ns) than Panicoideae. However, in the greenhouse, Chloridoideae showed slightly 
smaller g s (ns) than Panicoideae, which might be explained if the stomata of 
Chloridoideae only partly opened during gas exchange measurements. Chloridoideae 
also showed lower leaf cuticular conductance and smaller Kleaf of the whole leaf than 
Panicoideae, indicating the linkage between leaf structure (lower SLA in Chloridoideae, 
Table 6.4) and leaf conductance.  
Although Chloridoideae had smaller plant size and leaf area than Panicoideae, which 
agreed with data at the genus level (Chapter 2), leaf structure traits like DMC, did not 
differ much between subfamilies, which might be responsible for the similar leaf 
hydraulic traits. Furthermore, grouping species into different C4 subtypes within 
subfamily brought new insight for understanding leaf hydraulic behaviour, inspired by 
the PV curves on sclerophyllous tree species showing that leaves with similar SLA used 
different strategies for drought resistance (Gullo & Salleo, 1988). 
For leaf hydraulic traits, interactions between subfamily and C4 subtype were well 
represented by PV curves, with two groups of Chloridoideae showing higher drought 
resistance potential in two different ways (Figure 6.12). Within Chloridoideae, on the 
one hand, PCK species had larger osmotic adjustment (lower Ψo and TLP) and used the 
“water saving” strategy fo r “drought avoidance”. On the other hand, NAD-me species 
had lower Young’s modulus of elasticity ( ε), giving the largest potential to deviate from 
an ideal osmotic system (lower Ψsat and RWCtlp), which is a “drought tolerant” strategy 
(Gullo & Salleo, 1988). This  also supported previous conclusions that a small ε (greater 
elasticity) contributes to turgor maintenance in much the same way as a decrease in 
osmotic potential (Robichaux e t al ., 1986). Commonly, the idea is that in drier habitats, 
plants have thicker leaves with high elasticity, so that they can loss more water before 
reaching the TLP. However, smaller ε and more negative Ψosat did not occur together in 
this experiment, suggesting that the absolute value of water potential (e.g. Ψosat) was as 
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important as its rate of change (e.g. ε), proving that even in the same environment, 
species would have different strategies for drought resistance.  
Surprisingly, within Chloridoideae, although PCK species had similar plant size and 
denser stomata, they had much lower g s and Kleaf than NAD-me species, which 
contrasted with previous studies showing that higher g s is related with higher Ψ (Franks, 
2006; Osborne & Sack, 2012). Ther efore species were investigated separately and one 
species was found to have the lowest g s, as it had stomata only on the adaxial side 
( D a c t y l o c t e n i u m scindicu m ). Even if one sided stomatal traits was considered in the 
calculation of g s, PCK species still had lower g s than NAD-me species.  
There is another hypothesis to link leaf structure, stomatal conductance and plant 
growth together. In a short period of water stress, elastic cell walls (e.g. NAD-me 
species in Chloridoideae) have advantages in water storage, and in a long term, they can 
expand leaves at a similar rate in the wet season. In contrast, rigid cell walls (e.g. PCK 
species in Chloridoideae) limit the expansion of cells and hence leaf growth, preventing 
the increase of transpiring area. Therefore plants can maintain high stomatal 
conductance by reducing the rate of leaf area expansion in the dry season (Lambers e t 
al. , 1998). However, this experiment gave opposite results to this prediction, in 
Chloridoideae, PCK species showed more rigid cell walls, but they had not only lower 
g s but also bigger leaves than NAD-me species. This study suggested that from cells and 
stomata to physiology and whole plant growth, not every hypothesis was suited for all 
the species. 
 
6.4.4 Further explanations for subtle hydraulic differences 
Chloridoideae are distributed in drier habitats, have a leaf structure that should be more 
sensitive to drought, but did not show hydraulic advantages over Panicoideae. This 
might come from the reasons listed above, or other potential explanations.  
1) The differences between the uniform greenhouse and specific field conditions. 
High RH may be one important reason for the similar hydraulic traits among species as 
discussed in 6.4.2. Previous studies have shown that the correlation between plant 
growth potential and drought tolerance in the field may be explained by different effects 
of plants on soil water content rather than by different species responses to drought 
(Fernandez & Reynolds, 2000). Another comparison between a pot experiment and field 
plants showed that species ranking remained consistent for most leaf traits, but not for 
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whole plant traits in highly fertilised pots (Mokany & Ash, 2008). However, in the 
current study, greenhouse-measured culm height, leaf length and width were compared 
with data in the flora, showing that greenhouse plants had smaller size (ns) than 
corresponding values in the flora but did not deviate much from the wild records. 
2) Single leaf structure and function might not represent the whole plant. Although 
single leaf hydraulic traits were similar, whole plant transpiration and response might be 
different. Whole plant biomass and allocation data like root/shoot ratio were not taken 
in this experiment, so this hypothesis could not be tested.  
3) Another explanation is that there might be less contrast within only C4 grasses, or 
that different patterns existed for different indices. For example, there have been many 
previous comparisons of photosynthetic and hydrological traits between C3/C4 grasses, 
but it is hard to find differences within C4 grasses after extracting their data, because of 
limited species numbers for three C4 subtypes (Taylor et al. , 2010; Oyarzabal et al. , 
2008; Ghannoum et al. , 2008; Mantlana et al. , 2008; Ghannoum, 2009; Taylor et al. , 
2011). Based on data of both previous research and this study, few significant 
differences have been found among C4 subtypes unless phylogenetic grouping was 
included. However, even when phylogenetic groups were considered, there was 
significant unexplained variation for different indices (Table 6.5b). This was also the 
case for habitat type, with differences between the two subfamilies changing from one 
index to another (Table 6.5c). 
4) Finally, the different habitat types of these species might not be related with their 
physiological responses, but rather with other factors such as leaf curling or biomass 
allocation strategy. First, physiological response is an instantaneous response at a short 
time scale. Second, although there was enough evidence of different leaf curling 
responses between two subfamilies in this study, this was not confirmed by field work 
(Chapter 5). In the field, attempts at curling measurements failed because most of the 
grass species curled their leaves in hot and dry time periods or places. Therefore, leaf 
curling occurred within two or three hours in the field. Third, biomass allocation like 
root/shoot ratio may also vary from species to species (Chapter 5), indicating 
monthly/seasonal scale differences. As a result, habitat selection is based on the 
integration of short-term to long-term responses, from the organ scale to the whole plant, 
from environmental filtering to community competition, all of which may be related 
with the phylogenetic groups studied in this thesis. 
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6 . 5 Conclusi o n s 
Chloridoideae and Panicoideae had significant divergence in plant size, stomatal traits 
and habitat water, but not leaf hydraulic and gas exchange traits. The subfamily 
differences had the greatest explanatory power, but interacted with both C4 subtype and 
habitat type. Chloridoideae had slightly different leaf structure but no different leaf 
hydraulic functions from Panicoideae. Comparisons of PV curves showed that NAD-me 
species in Chloridoideae had the most drought tolerant potential. For phylogenetic tests, 
only stomatal and habitat traits showed phylogenetic signals, implying that PNC was 
hard to detect in physiological traits. A scaling effect was again observed separately 
within plant size clusters of traits and stomatal size traits, but only weak associations 
between plant traits (especially physiological indices) and habitat water were found. 
Therefore, multiple factors have to be considered in species comparative experiments 
and phylogenetic studies. 
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Chapter 7 Gen eral discus s i o n 
 
This chapter gives a synthesis of phylogenetic tests at multiple scales across chapters, 
and then reviews the role of phylogeny in water related ecophysiology of grasses. After 
comments on the limitations of present work and research prospects, general 
conclusions are stated. 
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7.1 Synthesis of results 
7.1.1 Phylog e n e t i c niche conser v a t i s m (PNC) at multipl e scales 
A fundamental goal of ecology is to understand the factors affecting the distribution and 
abundance of species, to find the mechanisms of species coexistence, and to predict 
their future trends based on present knowledge (Elton, 1930; Chesson, 2000). 
Environmental constraints and species interactions have been widely studied in 
determining species distributions by partitioning species either spatially or temporally 
(Grime, 1979; Ricklefs, 2004; Kreft & Jetz, 2007; Kraft e t al. , 2008). However, the 
evolutionary history of species, which limits biogeographic ranges and diversifies 
morphological/physiological traits has been emphasized but not been comprehensively 
tested (Webb e t al. , 2002; Holt, 2003; Edwards e t al. , 2007; Donoghue, 2008). This 
thesis presented the distribution and abundance of grasses, synthesised different plant 
traits and environmental factors (both abiotic and biotic, mainly water related), and most 
importantly, tested PNC at multiple scales under a uniform model.  
The results of phylogenetic tests across chapters in this thesis are summarized in 
Table 7.1. Although there were only a small number of common functional traits 
sampled across scales, including culm height, leaf width and stomatal traits, the 
comparison of the phylogenetic tests at four different scales indicated that phylogenetic 
trait conservatism became weaker at smaller spatial scales. Furthermore, the absence of 
phylogenetic signals in greenhouse experiments was found for physiological traits. 
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Table 7.1 Synthesis of phylogenetic test results on multiple scales in this thesis. Shaded 
cells indicate the lack of indices at that scale; blank cells are non-significant results. All 
data were natural logged in tests. Only sample size (n ) and P  values for λ = 0 are 
reported, since most P  values for λ = 1 are < 0.001. Level of significance: * P  < 0.05; ** 
P < 0.01; *** P  < 0.001; +, when λ > 0.2 but P  values are not significant. 
 Globe Region Community Greenhouse 
n ~185 ~165 32 33 
Species number 4213 265 32 33 
Genus number 185 76 23 26 
Subfamily number 2 6 4 2 
Species number per genus +    
Perennial per genus (%) ns    
M o rp ho l og y     
Culm height (cm)  *** * ** ns 
Leaf width (mm)  *** * ns *  
Leaf length (cm)   *** + ns 
Scanned leaf area (cm2)   ns ns 
Single leaf dry weight (mg)   ns ns 
Single leaf volume (cm3)    ns 
Leaf longevity (day)    ns 
Seed size (mm2)    *  
1000-seed weight (g) ns    
Leaf number per tiller   ns  
Root depth (cm)   ns  
SRL   *  
Flat leaf *** ns ns  
Roll/fold leaf *** ns ns  
Start of flowering  ns ns  
End of flowering  * ns  
Lea f struct u re     
SLA (m2 kg-1)   ns ns 
DMC (%)    ns 
Leaf density (g cm-3)    ns 
Leaf thickness (mm)    ns 
Leaf nitrogen content (%)   +  
δ15N   ns  
Leaf carbon content (%)   ns  
δ13C   ***  
St omat a l tra its     
Guard cell length (µm)   ***  * ** *** 
Stomatal width (µm)     * * 
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Stomatal pore length (µm)   + ** 
Abaxial stomatal density (mm-2)   * ** *** 
Adaxial stomatal density (mm-2)   ns ns 
Abaxial SPI    ns ns 
Adaxial SPI    ns ns 
g w max (mol m-2 s-1)   ns ns 
Lea f curlin g rate      
Relative width loss (% hr -1)    ** 
Absolute width loss (mm hr -1)    ns 
Lea f weight loss rate      
Relative weight loss (% hr -1)    ns 
Leaf area normalized water flux  
(mmol m-2 s-1) 
   ns 
Leaf width/weight relative loss (% hr -1)    ns 
H y d ra u lic trait s     
Ψs (MPa)    ns 
Ψo (MPa)    ns 
TLP (MPa)    ns 
ε    ns 
Ψ (MPa)   ns ns 
Kleaf (mmol m-2 s-1 MPa-1)    ns 
Lea f gas excha ng e     
A (μmol CO2 m-2 s-1)    ns 
g s  (mmol H2O m-2 s-1)    ns 
Ci (μmol CO2 m-2 s-1)    ns 
E (mmol H2O m-2 s-1)    ns 
iWUE (A/gs )    ns 
H a b it at trai ts     
Water range * ns ns ns 
Water score *** * + * 
Shade habitat ***    
Saline habitat ns    
MGT or MAT  *** ns * 
MGP or MAP  * ns ns 
PET  ***   
Soil water content   +  
Soil nitrogen content   ns  
Importance value   ns  
Species abundance   ns  
Neighbor density   ns  
Distance to the nearest neighbor   ns  
Tallest neighbor   **  
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The decreasing phylogenetic signals in this thesis may be explained by a range of 
processes influencing the assemblies of species differently at multiple spatial and 
phylogenetic scales (Figure 7.1). Historical and biogeographic processes determine 
species speciation, extinction and dispersal. With decreasing scales, environmental 
conditions including both abiotic (e.g. temperature, soil water content) and biotic (e.g. 
herbivory) factors will filter out species, which lack appropriate physiological traits to 
grow, survive and reproduce (Weiher & Keddy, 2001; Swenson e t al. , 2007). At the 
microhabitat scale, species will face the most intensive interactions with neighbours 
such as competition and facilitation to reinforce or weaken habitat filtering (Figure 
7.1A). Phylogenetic clustering of species with different traits tends to increase with 
phylogenetic and spatial scale differently. When more phylogenetic clades are included, 
phylogenetic conservatism of traits will increase since traits within clades are often less 
divergent and labile than among clades. Furthermore, the phylogenetic conservatism in 
traits may diminish in a larger regime when homoplasy happens (Cavender-Bares et al ., 
2009), i.e. similar traits from convergent evolution occur for distant lineages in different 
geographical regions (Figure 7.1B). In this thesis, however, although more subfamilies 
were involved at the regional (six), community (four) than global (two) scale, there 
were no stronger phylogenetic signals for larger phylogenetic clades, indicating that 
either convergent evolution happens for traits compared here (culm height, leaf width, 
guard cell length and water score) or phylogenetic signals were influenced less by the 
phylogenetic scale than by the spatial scale. That is, the larger spatial scale, the easier to 
detect phylogenetic conservatism, depending on the mobility of species (Figure 7.1C). 
Highly mobile species are less likely to represent their biogeographical history, while 
less mobile species are likely to cluster to a larger spatial extent. In this thesis, grasses 
are strongly constrained by temperature and precipitation (since they are sessile), so that 
their phylogenetic signals became stronger as spatial scale increased. Additional reason 
might be limited by sample size at community level, since it is also easier to detect a 
signal with a larger sample. 
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Figure 7.1 A theoretical phylogenetic community structure on multiple scales. (A) The 
processes that influence the assemblage of species over temporal and spatial scales. (B) 
Relationship between phylogenetic conservatism in traits and phylogenetic scale. (C) 
Phylogenetic clustering of species increase with spatial scale for highly mobile species 
(dotted line) and species with more dispersal limited (solid line). Therefore species 
distributions depend on multiple factors at a given spatial scale, e.g. grey zone A in (A). 
Figures are adapted from Weiher & Keddy (2001), Swenson e t al.  (2007) and 
Cavender-Bares et al . (2009). 
 
There were so many indices and species surveyed in this thesis that some key traits 
were needed to link the main phylogenetic and functional groups across chapters. Culm 
height, leaf length and guard cell length were always measured, together with water-
related habitat indices (Table 7.1). For each temporal and spatial scale, species diversity 
(SD), phylogenetic diversity (PD) and functional diversity (FD) must all be considered, 
since species names alone contain little information about the evolutionary history or 
functional type of taxa (Swenson, 2011). Morphological and physiological traits are 
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relatively labile, and whether FD relates with PD depends on the degree and rate of 
niche or trait divergences between closely related species (Prinzing e t al ., 2008; 
Swenson, 2011). Therefore a FD based classification, plant functional types (PFTs), is 
not suitable when phylogeny is important. Conversely, the choice of key traits for 
testing niche conservatism is challenging because traits may be evolutionary labile.  
Therefore different sources of variance for the four key traits were compared among 
phylogenetic scales (Table 7.2). Although both ecologically related traits (for resource 
acquisition) and reproductively relevant traits (for taxonomy) show similar levels of 
phylogenetic conservatism (Donoghue, 2008; Prinzing e t al ., 2008), the results in this 
thesis were not the same for different scales. For the global dataset, phylogenetic tests in 
Chapter 2 showed that subfamily was better than photosynthetic type in explaining 
variance of culm height, leaf width and 1000-seed weight except guard cell length and 
water score. However, the main source of variance in these traits was “genus” except 
guard cell length whose variance was predominantly from “subfamily” (Table 7.2, 
global). For the regional, community and greenhouse data, there were no general 
sources of variance. For the same trait, there were also no general patterns to explain the 
origins of variance (Table 7.2). 
The results were consistent with theoretical predictions that at local scales, traits 
were randomly filtered from a given regional pool, but always vary less than expected 
FD. In contrast, at a fine scale to microhabitats, there were no consistent patterns 
(Swenson, 2011). Previous work has shown that some traits (plant height, seed mass) 
show higher than expected while others (leaf economics, wood density) show less FD 
than expected (Wright e t al ., 2004b; Swenson & Enquist, 2009). However, for water 
score, scale did not matter much as it was always “genus” or “species” being the main 
sources of variance (Table 7.2). Water score for each species is a label for its specific 
habitat, and this is the basis for closely related species to live in similar habitats.  
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Table 7.2 Main variance components for the morphological and habitat traits at different 
spatial and phylogenetic scales in this thesis. Linear Mixed-Effects Models were carried 
out by function l m e ()  of the R package “nlme” and proportions of variance were 
analysed by v a r c o m p ( ) of the R package “ape”. The first model is a hierarchical analysis 
of variance for phylogeny (P: subfamily/tribe/ genus/species). The second model is for 
photosynthetic type (PT: C 3C4/C4 subtype/genus/species). Sample size and the factor 
explained the highest variance (%) for each model and trait are reported.  
Indices  Global Region Community Greenhouse 
Culm height n  185 239  183  165 
 P genus 59% subfamily 53%  subfamily 77% genus 69% 
 PT genus 82% species 43% subfamily 82% genus 84% 
Leaf width n 65 211 183 224 
 P genus 56% subfamily 49% species 66% subfamily 43% 
 PT genus 62% genus 49% species 70% species 76% 
Guard cell length n 137 NA 139 99 
 P subfamily 50% NA genus 64% subfamily 47% 
 PT genus 44% NA genus 74% species 37% 
Water score n 155 254 32 33 
 P genus 53%   genus 45% species 47% genus 90% 
 PT genus 51%   genus 75% species 62% genus 90% 
 
7.1.2 Phylogeny and the water related ecophysiology of grasses 
Since C4 plants are more conservative in their use of water than C3 species (Ehleringer 
e t al ., 1997), studies on plant hydraulic traits or stomatal function often compare 
different photosynthetic pathways of plants (e.g. Kocacinar & Sage, 2004; Taylor e t al. , 
2012). Further comparisons have been made among C4 subtypes, for example, in natural 
habitats, NAD-me and PCK grass species demonstrate more xeromorphic anatomical 
traits than NADP-me species, but they show little phenotypic plasticity when under 
drought. PCK species show the most negative leaf water potential, higher leaf dry 
matter content (DMC) and amino acid content (Carmo-Silva e t al ., 2009). Although 
previous studies always had few number of grass species, they have revealed the 
important differences among C3 and C4 subtypes at the ecophysiological level, which 
was also demonstrated in this thesis, not only guard cell length and water score in 
Chapter 2, but also stomatal and leaf hydraulic traits in Chapter 6 depended strongly on 
C4 subtypes.  
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However, global and regional distribution patterns of grasses showed that the 
biogeography of C4 grasses is better explained from a phylogenetic than physiological 
perspective (Chapter 2 and 3), supporting previous studies (Taub, 2000; Christin e t al. , 
2009; Edwards e t al. , 2010). Therefore C4 grasses should not be considered as a single 
functional group in biogeographical modelling or physiological comparative 
experiments (Taylor e t al. , 2010). Phylogeny should be considered as one among 
multiple factors in biogeographical studies, not just for climatic indices, occurrence and 
abundance of species (Liu e t al. , 2012). Meanwhile, this thesis also consolidated the 
position of phylogeny in ecophysiological studies of grasses, although C4 subtypes 
interacted with phylogenetic groups (Chapter 2 and 6). 
Research has been done previously to link phylogeny and hydraulic traits together 
(Patino et al. , 1995), but this thesis involved an extensive survey of ecophysiological 
traits with more species, analysed using phylogenetic tests (Chapter 5 and 6). Previous 
wok showed that phylogeny explained more than habitat in hydraulic traits for woody 
plants (Patino e t al. , 1995), as well as tree species in savanna and forest ecosystems 
(Hao e t al ., 2008), this thesis found that the interactions of phylogeny with both habitat 
and C4 subtype for ecophysiological traits led to complex results (Chapter 5 and 6). At 
the community scale, although both environmental filtering and species interaction 
(competition or facilitation) structure community composition (Chapter 4), phylogenetic 
relationships influence the strength of niche partitioning and species interactions, as 
well as different ecophysiological responses to SWC in microhabitats (Chapter 5). For 
greenhouse comparative experiments, traits from leaf curling, PV curves and leaf 
conductance, varied dramatically. In these cases, there were no effects from subfamily, 
habitat type and C4 subtype, nor interactions (Chapter 6). Therefore, this thesis 
suggested that morphological traits of grass species, especially stomatal traits, were 
more phylogenetically dependent, representing the evolutionary history, whereas 
ecophysiological traits were labile. 
Although plant leaf trait relationships (Ackerly & Reich, 1999; Wright  et al. , 2004; 
Tjoelker et al. , 2005) and scaling effects (Reich et al. , 2006; Niklas e t al. , 2007) have 
been tested widely in previous studies, tests from a phylogenetic perspective have 
revealed some new findings. Unlike the important phylogenetic role in previous studies 
(Reich et al. , 2003; Osborne & Freckleton, 2009; Swen son, 2011), this thesis found that 
in grasses, scaling effects are independent of phylogeny, indicating that large plants 
have large leaves and stomata, no matter which evolutionary lineages they belong to 
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(Chapter 2 and 3). However, there were plant-size and stomatal-size based groups of 
morphological traits, within which there was low phylogenetic dependence. Conversely, 
in the association between indices from the two groups, there were phylogenetic signals 
(Chapter 5 and 6). This finding implied that the evolution of different functional traits 
might not be equivalent, even though PNC existed for single traits (Reich et al. , 2003; 
Losos, 2008). It might also be evidence for the correlated evolution of trait clusters 
found in trees (Ackerly & Donoghue, 1998).  
On the other hand, how plant traits change among environment gradients is a classic 
question (Diáz  et al. , 1997) and important for community function (Lavorel & Garnier, 
2002). In this thesis, most of the relationships tested between trait and environment 
were highly phylogenetic dependent, with only four exceptions: leaf width and root 
depth varied with soil water content at the community level, and culm height and leaf 
length with water score at the species level (Chapter 5 and 6). Since phylogenetic 
signals were also found for single plant traits and environmental traits, this meant that 
niche partitioning observed in Chapter 4 was caused from both phylogenetic differences 
and environmental adaptation (Cavender-Bares e t al. , 2009), providing a plausible 
explanation for the niche partitioning in community assembly. 
Furthermore, comparisons of both ecophysiological data and habitat water conditions 
were made across different chapters. Firstly, no matter whether water availability was 
quantified via water score, mean annual precipitation or soil water content, there were 
consistent patterns from both habitat and species perspectives (Chapter 2, 3, 4 and 6). 
Next, plant traits for grasses in the greenhouse experiments were compared with data 
from the global dataset, showing that culm height and guard cell length showed nearly 
the same value for species in the greenhouse and in the flora records, although plants 
grown in the greenhouse did have slightly longer and wider leaves (Chapter 2 and 6). 
As greenhouse plants were raised in a common environment, this showed that the field-
based observations of plant size used as data in Chapter 2 represent intrinsic genetic 
differences among species rather than the phenotypic effects. However, field 
measurements for grasses in Inner Mongolia showed similar culm height and leaf width, 
but smaller leaf length than records in Inner Mongolia flora, suggesting that the former 
may be developmentally fixed and the latter more plastic (Chapter 3 and 5). Finally, 
Chloridoideae and Panicoideae (C4 species) measured in the field had smaller stomata 
(average values for subfamily) than in the greenhouse. Meanwhile, although Pooideae 
(C3 species) had the largest stomata in the field, they dropped into the similar range of 
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stomatal size as C4 species had in the greenhouse (Chapter 5 and 6). A previous study 
showed that C3 species had larger stomata than C4 species in the same environment 
(Taylor et al.  2012), which was consistent with my data in the field. However, it also 
implied that species in the field might have smaller stomata than in the greenhouse, 
although there were no common species between studies, and only four common genera, 
in Chloridoideae and Panicoideae. 
 
7.2 Research prospects 
This thesis used phylogenetic trees and functional traits to test PNC at multiple scales. 
However, if niches of species can be defined by available functional traits, why use 
phylogenetic similarity as a proxy for niche? A possible answer for this question is that 
under a Brownian-motion model of evolution, although functional traits might not be 
phylogenetically conservative, they may still show phylogenetic signals because trait 
similarity was related to phylogenetic similarity at the community scale (Baraloto e t al. , 
2011; Chiarucci e t al. , 2011). Therefore although phylogenetic similarity as a surrogate 
for niche similarity is widely accepted (Cavender-Bares e t al. , 2004; Pausas & Verdú, 
2010), uncertainty remains because phylogenetic niche and functional niche should be 
separated firstly and tested explicitly (Baraloto e t al. , 2011). A comprehensive dataset 
from French forest communities showed that functional trait-based similarity was 
stronger than phylogenetic clustering (Baraloto e t al. , 2011). Paine e t al.  (2011) also 
found that intraspecific trait variation might lead to stronger phylogenetic signal than 
average values of species. 
In this thesis phylogenetic similarity and functional traits were explored from 
different perspectives: Firstly, at the community scale, “phylogenetic niche”, 
“environmental niche” and “the  Eltonian niche” were defined. The weak phylogenetic 
signals for the first niche implied the lack of phylogenetically conservatism (either 
overdispersion or random), while the weak phylogenetic signals for the latter two niches 
implied the lack of phenotypically conservatism, but some niches kept phenotypically 
conservatism such as culm height and stomatal traits (Pausas & Verdú, 2010). Secondly, 
wide niche breadth of most species in the communities was found, which indicated 
variation from both “within species” and “amo ng species” (Chapter 5 and 6; Freckleton 
& Jetz, 2009), suggesting strong environmental filtering and phylogenetic 
overdispersion at the community and individual levels (Paine e t al. , 2011). However, 
whether environmental filtering or phylogenetic clustering was more important in 
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determining species distribution was still unclear and will require novel methods to test 
rapid evolutionary changes in species coexistence (Lankau, 2011). Additionally, all 
results in this thesis might be confined by regional species pools, so large-scale and long 
term data would be needed to study convergent or divergent trait evolution in 
community assemblies (Blomberg e t al. , 2003; Harmon e t al. , 2005; Freschet e t al. , 
2011), abiotic and biotic interactions (Wiens, 2011), species and biodiversity 
distribution (Swenson, 2011) by integrating biogeography (global to regional) with 
ecology (regional to local) using phylogeny as a connection (Edwards e t al. , 2010; 
Ricklefs & Jenkins, 2011). 
For community ecology, niche partitioning is a basic mechanism of species 
coexistence (Ricklefs, 2004), but different niches are all related with phylogeny (Losos, 
2008). In Chapter 4 and 5, both main environmental and plant morphological niches 
were phylogenetically dependent. In biodiversity and community ecological studies, the 
role of phylogeny should be considered more. However, there is no consistent 
framework to test the degree of phylogenetic dependences within and among 
communities, although different methods have been advanced (Silvertown e t al. , 2001; 
Pausas & Verdú, 2010; Pillar & Duarte, 2010; Baraloto e t al. , 2011; Burns & Strauss, 
2011), which is another potential study area for future development.  
For the ecophysiological studies, a number of further supplementary investigations 
may be proposed. Firstly, a brief review was done for physiological responses to water 
stress of C3/C4 grasses in this thesis, but no water stress treatment was carried out to test 
differences, instead, working capacity and time constraints forced me to focus on the 
comparisons of hydraulic traits among multiple species. There was a strong suggestion 
that subsequent work should turn the focus back to the ecophysiological responses 
under different treatments (e.g. drought, nutrient), since C4 subtype interacted closely 
with phylogeny at the species level (Chapter 6). Secondly, although leaf curling 
experiment was done for leaves that had been cut, it was a new trail and suggested that 
more investigations in the field could be done on species physical responses rather than 
only morphological/physiological traits (Abrams, 1990). Thirdly, plant shoot/root 
partitioning, leaf and root structure, as well as their relationships with physiological 
traits are worthy of further study, for example, why is leaf water potential related more 
with root depth than SRL, SLA, or even environmental traits (Chapter 5). Moreover, the 
method used here to link ecophysiological traits with phylogeny was a trial for Pagel’s 
lambda (Pagel, 1991), but found no consistent phylogenetic signals for these traits, 
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therefore more research could be done to see whether these traits are convergent filtered 
by environment so that only weak phylogenetic signals could be detected or they 
basically have no association with phylogeny.  
 
7 . 3 Conclusi o n s 
This thesis provided a phylogenetic perspective on grass distribution, habitat selection, 
and the diversity of functional and ecophysiological traits at different spatial levels, 
testing the hypothesis that phylogenetic niche conservatism (PNC) becomes weaker as 
spatial scale decreases. At the global and regional scales, phylogeny was better than 
photosynthetic type in explaining the distribution of grasses, indicating PNC. This 
demonstrated that it is inappropriate to consider all C4 grasses as a single group, which 
is valuable for predicting grass distributions at large scales under future global change. 
In contrast, at the community, habitat and species scales, local environmental filtering 
and niche partitioning led to the absence of phylogenetic signals. Phylogeny interacted 
with photosynthetic and habitat type more in explaining physiological than 
morphological traits, suggesting phylogeny should be involved in comparative 
experiments of ecophysiological studies. Therefore phylogeny as the fundamental 
linkage among species (beyond grasses), affects how these species are distributed in 
different spatial scales. With new methods and data, phylogeny offers a promising way 
to integrate biogeography, community ecology and plant ecophysiology. 
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